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ABSTRACT

The paper identifies welding nethods that are nost often used to
join P/Mautonotive conponents. Various weld procedures
associated wth the different nethods are di scussed. Exanples are
presented along with appropriate process infornmation. A nore
detail ed application devel opnent involves Gas Tungsten Arc

wel ding a stainless P/Mexhaust bushing to a wought stainless
steel tube.

| NTRODUCTI ON

New aut onobi | e design goals focus on reduci ng vehicle wei ght
along with inproving structural integrity and safety standards
whil e concurrently reduci ng manufacturing and assenbly costs. The
ability to satisfy the new design criteria will require

manuf acturing techni ques along with new naterials that exhibit

i ncreased strength, greater durability, better quality and | ower
costs. These characteristics parallel the attributes of powder
metal (P/M parts which continue to replace other nethods of
manuf acture for use in various autonotive applications.

A significant nunber of P/ M parts have been successfully fusion
wel ded using joining processes commopn to the autonotive industry.
This has extended the use of P/Mparts in vehicles by increasing
the possibility of producing nore conpl ex conponents than could
previ ously be achieved with conventional die pressed geonetries.

Addi tional discussion will focus on the P/M characteristics that
i npact weldability along with identifying conmon P/ M wel di ng
procedures and techni ques. The devel opnment of a wel ded 409 Cb
stai nl ess P/ M exhaust conponent by AC Rochester will also be
revi ewed.

P/ M CHARACTERI STI CS' | NFLUENCE ON WVELDABI LI TY
Powder netal part performance is chiefly determ ned by density,

the selected alloy systemand final part mcrostructure. Each
i ndi vi dual characteristic plays a significant role but, nore



inmportantly, should work together by design to enhance the
wel dability and overall perfornmance.

Porosity, or relative density, is nost influential in regards to
fusion welding. Typically, it is nore difficult to obtain sound
fusion welds with | ower density parts because particle nelting
results in a greater degree of shrinkage in the weld zone. The
subsequent solidification of the weld puddl e causes |ocalized
tensile stresses to format the interface between the porous
substrate and weld zone which often initiates cracks. The pores
in PfMparts can al so harbor contam nants that may cause erratic
wel di ng performance. For these reasons, internediate to higher
density levels are preferred for fusion welding applications.

The use of various alloy systens, including adm xed el enent al
additions, is a unique feature of the P/ M process. The systens
typically involve various iron, steel or prealloyed base powders
that may include common prem x additions of elenental copper
and/or nickel along with graphite. The conposition can influence
the part density and m crostructure which in turn inpacts the
wel dability. Copper up to 2% and various nickel additions do not
pose particular problens. G aphite additions, however, should be
held to as |low a | evel as possi bl e because of the potenti al

i nfluence on the material's hardenability. Adm xed additions of
sul fur, phosphorus or boron should not be included because of
potential adverse wel ding effects.

Many factors are influential in determning a PPMpart's

m crostructure. Sintering conditions, diffusion of adm xed

addi tions, heating and cooling rates, pore size and shape are
just a few of the potential factors. The greater m crostructural
conplexity associated with P/M however, does not change the
basic tenets that are typically considered when fusion wel ding
wrought or cast materials. The sane precautions should be
exercised to prevent martensite transformation or |ocalized
stress concentrations.

A nore conprehensive review of P/Mcharacteristics and their
i nfluence on weldability were detailed in a previous publication

[1].

FUSI ON VWELDI NG METHODS

Wel di ng nmet hods used in the autonotive industry nust be able to
achi eve high production rates, provide superior quality

wel dnents, be easily mechanized with short set-up tinmes, have the
flexibility to accommbdat e desi gn changes and nai ntai n acceptabl e
wor ki ng environnent standards [2,3]. The current nethods used in
the autonotive industry to neet these requirenents have al so



successfully wel ded P/ M parts.

RESI STANCE PRQJECTI ON VELDI NG - This is the nost conmon | arge-
scal e mechani zed process used to join many different types of
parts. RPWis capable of welding lowto internediate density
parts by increasing the projection height to provide a sufficient
wel d nugget. Several materials including plain iron, iron-carbon,
i ron-copper-carbon and stainless steels have all been wel ded
successfully using this nethod. Weld trials have also found P/ M
to wought steel weldnents to have higher torsional strength than
standard keyed conponents [4].

GAS TUNGSTEN ARC VELDI NG - This nethod is synonynous with high
quality wel dnents and often enpl oyed when joining critical
structural elenents. It is well suited to nmeet high productivity
requi renents and currently used to join many autonotive parts,
e.g. energy-absorbing steering colums, em ssion-control devices
and various exhaust conponents. The GTAW net hod provi des a great
deal of flexibility in controlling the overall process, thereby
inproving the ability to obtain sound welds with the nore
difficult high alloy or high hardenability P/M material s.

GAS METAL ARC VELDI NG - The evolution of this nmethod began with
aut omat ed systens producing only straight-1ine welds. However,
subsequent generations using hard-cam and, nore recently,

el ectronic-cans with probes to track the weld path now are
capabl e of producing conpl ex shapes with weld speeds of 200 ipm
[5]. GVAW systens currently join a w de assortnment of conponents
and sub-assenblies that include drive train, engine, axle and
frame sections. Additionally, many P/ M parts have been wel ded
using this process. The short-circuiting or pulsed netal transfer
nodes are often used to mnimze heat input. Typically, CO, based
shi el ding gases are used with snall dianmeter, solid, mld steel
filler wwre. However, austenitic stainless and copper based
fillers with inert gas shields have al so been used successfully
to join high alloy or crack sensitive parts.

ELECTRON BEAM VELDI NG - Partial and nonvacuum nodes of el ectron
beam wel ding are common to the auto industry and provide many of
t he sane desirable characteristics as the vacuum nethod but with
m ni mal punp-down tinme to i nprove productivity. These nethods
currently join autonobile frame sections, transm ssion conponents
and catal ytic converters [6]. The EBW process has realized sone
success in welding PPMparts. Unfortunately, |ower density parts
typically exhibit a significant percentage of shrinkage, porosity
or cracks in the heat affected zone.

LASER BEAM VELDI NG - LBWtechnol ogy is gaining acceptance in the
auto industry as a process having good flexibility, reliability,
productivity and | ow operating costs [7,8]. Low distortion



characteristics, ability to weld various joint configurations and
short cycle tines are a few of the reasons why it is replacing
RPW and EBW processes. An investigation involving a |aser

equi prent and aut onobi |l e manufacturer is currently underway to
determ ne the weldability of several P/M conpositions at various
density levels using a 5kW CO, laser unit. The trial wll

provi de the necessary data to assist in the conversion of several
auto parts to P/ M applications.

PROCEDURES AND TECHNI QUES

Common difficulties associated with fusion welding involve the
occurrence of cracking adjacent to the weldnent [9]. Fusion
wel ded P/ M conponents nost often crack because of the stresses
generated during cooling or solidification of weld netal [10].
These stresses can be mnimzed by using the foll ow ng

t echni ques:

. Preheating elimnates noisture (hydrogen) and | essens the
t hermal gradient across the weld zone.
. Post heating after welding reduces stresses, particularly

for high hardenability materials capable of significant
martensite transformation.

. Austenitic filler netals are beneficial for high alloy and
har denabl e materi al s because they provi de superior toughness,
good strength and mnim ze martensite transfornmation.

. Reduced heat energy | essens the degree of particle nelting
and resultant solidification stresses. Pores in PPMmaterials act
as insulators that retain heat. Typically, P/Mparts can be

wel ded using | ower heat energy than wought or cast counterparts.
. Excessive dilution with filler netal or mating part(s) can
result in the fine, well distributed P/M pores coalescing into

| arger pores at the weld interface.

. Good joint design can mnimze stresses. Msmatched joints,
excessive gap spacing or an insufficient amount of filler netal
to counteract densification in the weld zone can have del eterious
affects on the wel dnent.

Steam treated, copper infiltrated or quench and tenpered parts
are not good candi dates for fusion welding. The oxides resulting
fromsteamtreatnment act as contam nants in the weld zone
pronoting erratic performance and the potential for cracking.
When welding infiltrated parts, copper can nelt and mgrate to
the austenitic grain boundaries which may result in cracking.
However, the use of copper based filler wire (AWs-E Cu Sn) or
wel di ng paraneters that m nimze heat input and particle nelting
have been successful. Quenched and tenpered parts, even with a

| ong tenper cycle (4-6 hours) to drive off entrapped quench oil,
are not particularly good candi dates for welding. The high heat



i nput associated with fusion processes changes the structural
constituents and lowers the strength in the weld zone as conpared
with the surrounding material [11].

P/ M MATERI ALS FOR JO NI NG

Many powder conpositions can be welded without difficulty.
However, sone additions or nmaterial grades should be avoided if
possi ble. In general, atom zed iron grades have | ower residual
and tranp el enents than sponge or other types of reduced iron
powders. The cl eanliness of these materials does not play a
predom nant role in the weldnent's success rate if held within
acceptable limts. Nevertheless, the subtle influence of acid

i nsol ubl es, oxides and silicates over a period of time wll

i nfluence the service and fatigue performance. For this reason,
the atom zed grades are preferred for fusion, high strength and
critical welding applications.

Carbon content has a pronounced influence on a material's overal
wel dability. As a general rule, the carbon content should be held
to as low a | evel as possible. However, carbon also greatly
enhances a material's strength characteristics. Joining processes
and t echni ques have been devel oped to accommbdate internediate to
hi gh carbon | evel s that exhibit acceptable weld soundness and
strength characteristics.

Mat erial s containing sulfur additions should be avoi ded. The
sul fur can mgrate to the grain boundaries and may cause hot
cracki ng when fusion welded. If a machining enhancenent is
necessary, a nore appropriate choice wuld include a manganese
sul phi de (MhS) addition.

Prem xes with copper additions of 2.0%can be readily joined to
other materials using nost processes. The exception, however,

i nvol ves conpositions which include both sul fur and copper
additions. Too high a copper content (4.0% was found to | ower
the wel dnent strength to I evels below the strength of the parent
metal [12].

Phosphorus additions (FesP), sonmewhat |ike sulfur, are not
particularly attractive for fusion welding applications. The | ow
melting FesP addition may pronote hot cracking in the weld zone.
However, the GTA process, wthout the use of a filler netal, has
been used for a limted nunber of Ancorsteel 45P (0.40-0.50 wt%
phosphorus) applications.

Adm xed additions of nickel to iron or steel powders generally
enhance the material's toughness and do not pose any particul ar
difficulties involving weldability.



St ai nl ess steel P/ M conponents have been successfully wel ded
usi ng various joining processes. GVAWwel ds of 316L P/ M parts at
various density levels, using 316L filler netal with an argon
shiel d provide good overall properties. The 303 free machini ng
grade and those identified as nitrogen strengthened are not good
candi dates for welding applications. The 410 martensitic grade
can be wel ded, but precautionary neasures nust be observed with
regard to the material's hardenability.

A N -M adm xed conposition with a nomnal 0.5%C, 5.0% N, 0.5%
Mo with a sintered density of 7.0 g/cn? was successfully wel ded
using the GVAW process with an austenitic filler netal w thout a
preheat or postheat treatnent.

VELD M CROSTRUCTURES

The foll ow ng exanples of P/Mweldnents were selected for their
uni que characteristics. The exanple identified as Figure 1
represents a PPMto a | ow carbon wought steel using GVAWwW th
E70S type filler metal. The P/ M part was manufactured from steel
powder with a 0.6% conbi ned carbon | evel and sintered density of
6.7 g/cnt. It is unique because the P/Mpart had been quenched
and tenpered before welding. This process requires a | engthy
burn-out cycle to renove quench oil fromthe pores. After
wel di ng, the conponent is then stress-relieved to prevent
cracking. Weldnents on parts that contain quench oil exhibit

bl owhol es and erratic weld perfornmance.



Figure 1. Weld interface showng PPMmartensitic structure (left)
and | owcarbon filler netal with dendritic structure (right).200X

The second exanple, Figure 2, is a 6.7 g/cn? sintered density P/M
part wel ded to a wought Al SI 6150 all oy steel using GTAWw t hout
afiller metal. The PPMmaterial has 2.0 wt. % adm xed ni ckel and
a 0.3-0.4% conbi ned carbon | evel. The joint design has the high
al l oy wought steel overlapping a step pressed into the P/ M part.
The GIAW arc nust be positioned correctly to insure proper joint
integrity. The weld paranmeters were devel oped to m nimze

di lution between the two materials.
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Figure 2: Martensitic wought alloy steel (rigl
carbon P/Msteel (left). 200X
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DEVELOPMVENT OVERVI EW - 400Cb P/ M STAI NLESS EXHAUST FI TTI NG

APPLI CATI ON REQUI REMENTS - Wth the adoption of 100,000 mle
passenger car em ssions standard requirenents in 1993 and 1994,
stainless steels are increasingly being considered for exhaust
fitting flanges and connectors. A specific exanple is a

t ube/ bushi ng/ fl ange assenbly attached to the outlet end of a
catal ytic converter, shown in Figure 3. The bushing serves as a
sealing interface between two bolt flanges, one fixed to the
connecti ng exhaust pipe, and the other with rotational freedom at
the catal ytic converter outlet. Stainless steel was specified for
all conponents in the assenbly.
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Figure-3: Exanpl es indi cating acceptable wel dnent (left) and
extreme porosity (right).

MATERI AL SELECTION - Material selection and an appropriate
fabrication nmethod for the bushing were a significant chall enge
because it required joining the part to a mating 409 stainless

wr ought tube. Screw machining would be a relatively
straightforward process to fabricate the bushing. However,
conpatible free machining ferritic stainless steel bar stock is
not commercially available in the appropriate dianeter. Al so,
material fromthe center section would be unnecessarily wasted at
a significant cost.

Powder netal |l urgy was considered the nost cost effective
processi ng nmet hod assum ng the conponent woul d pass physi cal
durability and weld specifications. Water atom zed, stainless
metal powder neeting AlISI 409 chem stry specification, with the
exception of the substitution of Colunbium- Cb (N obium- Nb)
for Titanium-Ti, was chosen. This was sel ected over standard
powder SS-410, since this is a martensitic grade which is not
desirable for wel ded conponents.

PERFORMANCE CRI TERI A - Static and dynam c characterization and
durability tests were perfornmed on sanples of the

t ube/ bushi ng/ fl ange assenbly and catal ytic converters with these
assenblies attached. A static test of weld strength denonstrated
that the bushing/tube interface weldnment could w thstand an axi al



force averaging 151 kN (34,000 | bs), after which the tube would
el ongate, and the GIAW wel dnent between the opposite tube end and
fixture plate would fracture. Dynam c roomtenperature bending
monment testing al so denonstrated that the tube was a weaker |ink
in the assenbly than the bushing/tube wel dnent.

A converter assenbly was run on a standard engi ne dynanonet er
durability test, correlated to over 160,000 km of typical North
Aneri can vehi cl e exposure and 80,000 km of European applications
and conditions. The test was run on a 2.3 liter 4-cylinder engine
on a 2 step schedule - an idle | ow step, and a severe tenperature
and vi bration exposure high step. The converter assenbly and P/ M
bushi ng/ t ube wel dnment passed all appropriate criteria of this
test.

VEELDI NG EQUI PMENT - The producti on machi ne designed to fusion
wel d the tube/bushing/flange assenbly was a four station rotary
table transfer systemwith two welding and two | oadi ng stations.
The wel di ng process selected for this application was automatic
gas tungsten arc welding (GTAW with auxiliary cold wre feed.
The GTAW process was sel ected since it provided good control of
the wel di ng paraneters and offered the opti num bal ance between
capital cost and weld tine. In addition, 409Cb solid filler wre
was used to assure that the weld size requirenents could be net
consi stently.

The assenbly operation required that the tube be set in the
vertical orientation and the bushing slipped hal fway over the end
of the tube. This created a |lap joint that was conprised of the
tube end surface as the bottom horizontal menber and the inside
bushing wall as the vertical side nenber.

WELD REQUI REMENTS - The | ap joint specifications include weld
size and quality requirenents. Fillet weld |l eg size needed to be
at least 1.8 mm Cracks and through-type porosity were not

al l oned. Pores were acceptable provided they did not exceed

0. 60mm di anet er.

VELD DEVELOPMENTS - Wien the prototype assenblies were built for
characterization and durability testing, the automated wel di ng
equi pnrent was not installed or available for sanple preparation.
The 409Cb P/ M bushings were therefore attached to the assenblies
usi ng manual GTAW equi prment. Al t hough cracks were observed, the
wel dnents passed fillet size and porosity requirenents and were
therefore determned to be sufficient for “worst case” testing
pur poses.

Upon tryout of the automatic equi pnent, a wel dnent neeting
specifications could not be achieved with these sane production
intent 409Cb P/ M bushings. The parts showed unaccept abl e gross



wel d porosity and heat-affected zone cracking in the P/ M bushing,
Fi gure 4.

Figdré-4a: Hi gh percenfa@e of interstitial géses resulted in
extreme porosity. Dark etching area is heat affected zone (HAZ).
12X
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Fi gure 4b: Hi gher nagnificatioﬁ'indicates martensiti
transformation in HAZ and P/ M part. 200X

Laboratory eval uation of the sanples found the 409Cb bushi ng had
unacceptably high | evels of carbon, nitrogen, and oxygen. These
high interstitial levels affected weldability on several fronts.
The hi gh carbon and nitrogen pronoted the formation of fine
martensite during welding that was susceptible to cracking. The
hi gh oxygen and nitrogen | evels pronoted formation of various
gases during welding that were believed to lead to the | arge
anount of porosity observed.

Sintering conditions were found to have a pronounced influence on
wel di ng performance. Devel opnent efforts indicated a change from
di ssoci ated ammonia to a pure hydrogen sintering atnosphere could
reduce the level of interstitials to acceptable |evels. The
conposition and density of the dissociated amoni a* and
hydrogen** sintered bushings are shown in Table 1.

Table 1: Influence of Sintering Conditions on Properties.

Sinter NH3* H2* * vacuum vacuum vacuum
Envi r onment
Tenper at ure 2250°F 2300°F 2100°F 2200°F 2300°F
PROPERTI ES:

Density g/cm | _6.57 | 6.70 ] 6.68 | 6 95 | 7.02




D nensi onal --- 0. 6% 0. 8% 2. 0% 3.5%
Vari ance from
Noni nal
uC 0. 189 0. 060 0.017 0. 007 0. 007
O 0. 339 0.042 0.018 0. 003 0.001
%O 0. 376 0. 144 0. 225 0. 209 0.176
Wel dability poor good good good good

Vacuum sintering was evaluated in the | aboratory and denonstrated
the potential for even lower interstitials and higher densities.
However, the potential for chromumdepletion at the required
vacuum | evel s, due to the | ow vapor pressure of chromum was a
concern [13].

RESULTS - Weld trials using the hydrogen sintered bushing proved
to be successful. Al welds net the size and quality

requi renents. The P/Mstructure was ferritic and there was no
transformation to martensite during welding, Figure 5. To inprove
t he robustness of the process, the arc was targeted to
preferentially direct the heat onto the end surface of the 409
tube rather than the 409Cb bushing. This reduced the anmount of
penetration into the bushing.

The characterization and durability tests were not repeated since
the “worst case” sanples initially tested nmet the necessary
criteria for applied strength and durability.
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Figure 5a: Illustrates a sound wel dnment to a hydrogen sintered
bushi ng. 12X

"

Figure 5b: High magnification of etched wel dment verifies
ferritic mcrostructure. 200X

SUMVARY

It has been denonstrated that automated production wel di ng

met hods can be used to join P/Mparts. Several techniques have
been developed to join a wi de range of density |levels and all oy
systens whi ch hel p achi eve vari ous design and perfornmance
criteria. This provides opportunities for converting fusion

wel ded autonotive conponents to P/ M applications.
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