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Abstract

Thiswork aimsto understand the effect of changes in Friction Stir Wel(H&yV) process
parametersn the resulting microstructuspecificallythe effect of theplungedepth andool
rotational speed, during the "dwell" period on the resulting microstructure. A series of
(FSW)of 14.8mm thick EH46 ste@lateusinga hybrid Poly Crystalline Boron Nitride
(PCBN) FSWtool with spindle speesiof 120 and 20@evolutions peminute have been
producedwith increasing pinge depths frord.1mm to0.7mm. Thermecouplesembedded
around the top surface of each plunge eeseusedto measure thpeaktemperature during
the processThe plunge depths were measured usiregnfinite focusmicroscopy and the
microstructureof all the heat affected regiomgas investigated extensively byanning
electronmicroscopy. It was found thaphase transformatias sensitive to thgariationon
plunge depthSmall increase in plunge depthuse a significant change ithe
microstructurelncreasing tool rotational speed wadso foundo causea significant
difference inthe microstructure

Keywords: EH46 steel, Fiction Stir welding, Plunge Depth, microstru cture.
1. Introduction

Friction Stir Welding (FSW)wasinventedby The WeldingInstitute (TWI)in 1991[1], FSW
is a solid state welding process in whictotatingtool, is plunged into the gap between the
materials to be joined and held urtkie material stagto yield,the tool is the moved
linearly down thewelding lineuntil the join is completed:inally the tool is raised from the
joint; leaving adeepindentation irthe workpiece. The process wagially limited to light
alloys such as Al and Mgdrausd-SW of higher melting point materials such as steel
required the usef a very expensive welding tool (usually hybAdly Crystalline Boron
Nitride-Tungsten RheniurRCBN-WRe orTungsten Carbid€obaltWC-Co) which
represent 99%ff the total machine direct cost [The procesof the FSWespecially in
steel alloys is alsoomplicatedoy the fact that the process produces high strain and high
strain rates which create significant heat and promuoteostructuraphase transforntians.
The initial dungeand dwellstags which aresimilar tofriction stir spotwelding (FSSW
represent the most important stagewhich the material gagthe required heat to yield
before the tootraverseslown thewelding lineat a steady stat€revious work on
microstructure evolution during titvell stage anespecially for steak limited. Feng et al.
2005[2] haveinvestigated the microstructuo¢ the base metal, Heat Affected Zone (HAZ)
andThermeMechanical Affected Zone (TMAZ)and hardness in FSSW of two types of
steel M190 and DP600 by using PCBFsWtool. They found that the material in thAZ
had experienced a phase transformation with peak temperature beatvegenand A
temperatureThemicrostructure ithethermemechanicabffectedzone(TMAZ) was also
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examined and it wasuggestedhat this regioralso experienced peak temperature above the
Az line in the FeC phase diagram. Their work did not include a variation in welding
parameters as the welhs produced at predeterminediepth with a fixed tool rotational
speedLombholt et al. 20123] investigated the microstructure and feasibility of FSSW of
transfornedinducedplasticity (TRIP)steel, the microstructure was subdivided iiiar
zonesjwo TMAZ and twoHAZ's. Ultra-fine grained ferrite was found imoth ofthe TMAZ
regionsand interpreted as a result of severe deformati@melevated temperature.

Mazzaferro et al. 201l] applied FSSW o RIP steel to investigate the microstructure and
mechanical properties with the influence of dwell time and tool rotational spe&esfound
that allotriomorphic ferrite in th€MAZ increasedvith increasing dweltime and tool
rotational speednd toobtain ahigh strength lagshear, a lower rotational speed and higher
dwell time is requireddovanski et al. 200[5] studied the effects of FSSW parameters such
as tool rotational speed and cycle time on properties and phase transformatiestarhpet
boron steelThey found that plunge depth is the most importamametewhich canaffect

the strengtlof the TMAZ Miles et al. 20126] investigated the FSSW of high strength steel
athigh rotational speednd showedhatincreasing tool rotationapeed hd causedan

increag in theresulting joint impactstrength.

In the currentwork the effects ofwelding parameters such ta®l rotational speed and plunge
depthon theresultingmicrostructuravere investigatedA hybrid PCBN toolwas employed

to produce seveplunge holesn 14.8mm thickplate of EH46 steel grades shown in Figure
1. Thermocouples embedded inside 1mm blinds holes were usecbtalthe peak
temperatures. BVl testwas employedo examine thenicrostructure in the differethermo
mechanicallyaffected zones. Thaermoemechanicakffectof each parof the tool including
shoulder, probe side and probe emdthe microstructureerealso investigatedl he effect of
axial (plunge force) was not taken into consideration emuid haveadded morecomplexity

to the procesanalyss.

2. Experimental Procedure

2.1FSW Tool and Workpiece Material. The FSW tool used to carry out the welding is a
hybrid PCBNWRe with a shoulder diameter 38mm and probe lengtini. The parent
material used in the welding trials wasEiH46 steel grade plate of 14.8mm thicknéise
chemical composition is shown in Taldle

Table 1. Chemical compositon of EH46 Steel Grade

C Si Mn P S Al N Nb V Ti

0.20 0.55 1.7 0.03 0.03 | 0.015| 0.02 0.03 0.1 0.02

Theposition of the individual weld plunges and the six thermocouples was carefully mapped
toincrease the accuracy of temperature measurements andble a correlation between

these temperatures and tiesulting microstructuresevenweld plungetrials were carried out

at TWI Yorkshire using PoweStir FSWmachine.The machine was specifically designed

for welding thick section and high melting point materials. The machine is a moving gantry
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design and has been built to withstahe high forces with minimal structur@flection The
weld samples gblunge trail welds are numbered W1 to \Wrable2).

2.2Plunge Feedrate.

ThePowerStir-FSW machinehadthe ability torecord welding parameters such as force,
torque, rotational speed, feed rate phahge/dwelltime. The plunge depth feechte

decreases as the tool is depressed into the surface of the miatei&ll and W2 the plunge
depth feeeratestaredat 1:0mm/mindeceleratd to 5mm/min and finally 3mm/min before
reaching the maximum plunge depth. For weld plunge trials W3 to W7 the plunge depth feed
rate decreasHfrom a maximum of 7mm/min to 3mm/min before reaching the maximum
plungedepth.The plung depth recorded e machinehas not been used in this work
because of concern over a possible error due to machine deflections during processing.
Thereforeresulting plunge depths following each of the trials have been measured using the
Infinite Focus Microscope (IFM)The Infinite Focus Microscope (IFM) is a rapidn
contactoptical 3D measurement device, which combines the low depth of field of an optical
microscope with vertical scanning, traversing across the surface of the sample, to provide
high resolution and high depth of field topographical images with a large fieldvo. The
scanned area of interest can be transferred intD &n®age,and therthe surface area can be
calculated accurately.

2.3Tool Rotational Speeds.

Rotational speeds in the dwell period wee®RPM for W1 and W2 and 120RPM fait
other cases.

Figure 1: EH46 steelplate showing the position of theseven plungdrials.

Thermocouplesvereinsertedin blind holes(1mm depth) inside the plates and fixed firmly
at29mm away from the tool center of the EH46 plutrgds as shown irFigure 2.

Fig. 2 Thermo-Couples (TC) locations aroundeach plungetrial .



2.4 Sample preparation for microscopic examination using theSEM and Infinite Focus
Microscope (IFM).

The IFM has beensed to accurately measure the depth of each plunge cavity before cutting
the samples into two halvesach of the plunge cavities were cut in halfhedirection
perpendiculato the thermocouplecationasshown inFigure 2 (line of cutting) Samples

were then polished to 1 micron finish and etched in 2% Nital to reveal the microstructure.

25 SEM: Scanning electron microscopy examinasiovere carried out on the polished and
etched sample®r each of the plunge trials so that the varioldAZ and HAZ could be
identified, characterisednd/or measured’he main aim for this microstructural assessment
is to generate information regarding the phases thdikatg to be present in thEMAZ and
HAZ. The grairs sizes in the microstructure wemneasured using the mean linear intercept
method.

3. Results andDiscussion
3.1 Macrographs and measurements for temperatures and plunge depth:

Table2 shows thd=SW conditions and plunge depth measurements for emdlof the weld
(W1 to W7).

Table 2: The welding conditions and the measurements of plunge depth.

Tool Dwell
rotational| Max. Max Max Plunge| Time

Weld| VSHH| Axial Trave;se Torqﬁe Depth | (t) sec
Trial | (RPM) at | (Plunge) force M) 2 at
No. | maximum| force (F)KN | N.m mm | (dwell)

plunge | (F,) KN X ' (IFM) | plunge

depth period
w1 200 157 17 498 | 11.05 6
W2 200 127 17 471 | 11.43 8
W3 120 116 21 598 | 11.56 7
W4 120 126 20 549 11.47 6
W5 120 115 17 532 | 11.47 7
W6 120 105 18 583 | 11.78 7
W7 120 119 20 548 | 11.59 7

Table3 shows the peak temperatures measured by the thermocouples for each of the welding
trials. It is worth noting that in Table 3 some of thermocouple readings are missing because it
either has been displaced by the FSW flash or another data recording esrcgddaring

testing.



Table 3: Thermocouples measuements of the seven plunge trials

Maximum Maximum | Maximum Maximum Maximum Maximum
Weld No. recordedO record%d recordeci recordeci recordeci record%d
Temp. T°C Temp. T°C | Temp. T°C Temp. T°C Temp. T°C Temp. T°C
TC1 TC?2 TC3 TC 4 TC5 TC6
W1 430 630 430 422 600 421
W2 444 650 |77 427 620 432
W3 380 550 381 382 545
W4 400 580 | ----- 402 581 405
W5 544 375 380 553 381
W6 420 410
W7 400 554

Macrographs of cross sections normal to the thermocouple locations of W1 through W7 are

shown in Figure 3. The samples were polished, etched and examined usingéghns
affected by the welding process for all welds under study can be divided intedivas as

follows: region 1 included TMAZ under the tool shoulder; region 2 was TMAZ around the
probe side; region 3 for Inner HAZ (IHAZ), region 4 was Outer HAZ (OHAZ) (and finally

region 5 included probe end. These regions are shown in Figure 4.

Fig. 3: Micrographs of longitudinal cross sectiortaken from samplesW1-W7, polished and
etched by 2%N:ital.




Regiors affected by
tool shoulder

Base metal

Fig. 4: Affected regionsidentified following weld tool plunge trials (TMAZ under shoulder
(region 1), TMAZ around the probeside egion 2),Inner Heat Affected Zone IHAZ (region 3),
Outer Heat Affected Zone OHAZ (region 4) and probe end)The red points refer to the location

of SEM images takerfor each region(figure 7ato 7h to figure 11ato 11h).

3.2Microstructur al Investigation(SEM): The asreceived parennetalmicrostructures

shown in Fig. 51t consists of ferrite grainsige of20 umon average) with bands of pearlite.
Following the plunge tria|SSEM micrographs showeatatthe microstructureof EH46 steel
gradehasexperienceghhasechangs which will now be discussedor eachaffectedregiors.

The locations of regions affected by tool plunge and rotation are shown in &jgoeered

points refer to the location of SEM imagesshown irFigure? to Figurell.

Given that the W3, W4 and W5 have the same rotational speeds and also have very similar
(and very close) plunge depth they will be considered together and their microstructures will
be comparedOther welds including W1, W2, W6 and W7 will be considergrhestely.

100 pm =
EH46 PM

-a- -b-

Fig. 5: EH46 asreceived shows €0 um ferrite grains and bands of pearlite, a_ow
magnification. B-High magnification.
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| Prior austenite grain |
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nodular ferrite of 5um grain size

44 Prior austenite arain

50um

Fig. 7: SEM micrographs of W1 for all regions of interest: a- W1 (Region 1) under shoulder. bW1
(Region 2) Probe side topegion. ¢- W1 (Region 2) probe side bottom. dW1 (Region 3) IHAZ top. -e- W1
(Region 3) IHAZ bottom, f- W1 (Region 4). gRegion 40HAZ bottom. h-probe end
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Fig. 8: SEM micrographs of W2 for all regions of interest. aW2 (Region 1) under shoulder . BN2
(Region 2) probe side top W2 (Region 2) probe side bottom. dV2 (Region 3) IHAZ-top. eW2
(Region 3) IHAZ-bottom. f-W2 (Region 4) OHAZtop. gW2 (Region 4) OHAZbottom,. h-W2 Probe
end.
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Fig. 9: SEM Micrographs of W5 for all regions of interest. aW5 (Region 1) under shoulder. BN5
(Region 2) probe side top. -@V5 (Region 2) probe side bottom. dV5 (Region 3) IHAZ-top. eW5
(Region 3) IHAZ-bottom. f-W5 (Region 4) OHAZtop. gW5 (Region 4) OHAZ bottom. h-W5 Probe
end.
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Region1 under shoulder Probe end

Figure 10: SEM Micrographs of W7, Region1 under shoulder and Probe end.
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Fig. 11: SEM micrographs of W6 for all regions of interest. W6 (Region 1). b W6 (Region 2 top c-W6
Region 2bottom. d-W6 Region 3 IHAZ top . & W6 Region 3 IHAZ bottom, -f- W6 region 4 top. g- W6
region 4 OHAZ bottom. h-W6 probe end.
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Examining the results for the constant rotational speed &RBM(W1 and W2) it would
appear that thkigher plunge depth is associatedth a higher average heatjmut.

W1 region1(TMAZ under shouldér(Fig. 6-a) shows éainite (B) phasanside prior

austenite grains which has average of 55um grasize, as well agome acicular ferrite

phasq .;). W2 region 1 (Fig6 -b-) showsa Bainite (B)phase with an average of 80um prior
DXVWHQLWH JUDLQV DQG V,RTRediffeFehdeXn(iobaudtedite ghainisisK D V H
between W1 and W2 asserts the readliogn thethermocoupleTable3) which showed a

higher temperature at Wtobablydue tothe higher plunge deptand longer dwell time

(Table2). For both W1 and W2 the cooling rate at region 1 was high enough to form B
phaselimited ., phase waalso found Region Xprobe sidejop of W1 (Fig. 7 -b-) is B

inside prior austenite grainkl —P VRPH DFLFXQiDalsdfauwhdl Régidan 3 KDV H
top of W2 (Fig.8-b-) VKR ZV PDLQO\ DFLFXwith limitéd| B phaygsd tBeK D V H
peak temperature is expected to be higher and cooling rate to be slower tharmimeW1.

finding from W1 and W2 welded samples suggéiséd controlling the plunge depth is more
important to generate heathi$Wunder a constant rotational spesdithus W2 has the

higher plunge depth and has a higher percentage of acicular. feereEasinglunge depth

even parts of millimetre inside the workpiece can make a significant difference in heat
generation and microstructure evolutidihis finding is n accord withNagasaka and

Nishihara ] who showedhat increasing the plungkepthcaused aimcrease in workpiece
temperaturel-ehrenbacheet al.[8] reported that increasing plunge depth in FSW of
aluminiumfrom 4.6mm to 5mm has causpedaktemperatureo increasérom 400°C to 580

°C.

Region2 bottom of W1 (Fig7 -c-) shows derrite-cementite aggregat&CA) with nodular

ferrite of 5 um grain size. Regio® bottom of W2 (Fig8 -c-) shows a mix of B with prior
DXVWHQLWH RI —P JUDLQ VL]H R.Q@AS&discRsBdd ppevibusk,eb U ITHUU
effects of plunge depttand dwell timewasapparentn generating more hetwards the

sample deptin W2 compare to W1Regon 3IHAZ top of W1 (Fig. 7 -d-) showed a mix of

% ZLWK SULRU DXVWHQLWH JUDLQV RI —Ref@GHRDODVR VRPFH
topof W2 (Fig.8-d- VKRZHG PDLQO\ DFL FXl@ehi¢dddtruetukss-bf 8dhD V H
W1 and W2 indicate that temperature at the IHAZ top (Region 3 top) is stilahidgbove

the A line in theFe-C phase diagram which is enough for phase transformation of this type
of steel. The bottom of region 3 showedoarse (FCAJor W1 andamatrix of ferrite with

short plated cementita W2 (as shown in Fig7 -e- and Fig.8 -e- respectively. Again from

the microstructure evolution tlexpectedemperature of Wit this locations less than

expected in W2 due tihe difference in plunge depamdbr dwell time Fig. 7 -f- and-g-

show the microstructure of W1 regiof@HAZ) top and bottormespectively They show

nodular ferrite with 6 pum grain size in the top of region 4 while the grain size of ferrite was
7-8 umat the bottom of this zon®egion 4 of W2 shown in Fi§.-f- also contained a

nodular ferritemicrostructure butvith grain size of 10 pumalsocementite was precipitate

on the grain boundaries of ferrite. The bottom of the former region as showgi8nd-iis a

9 um ferrite grains decorated by cementitbe region just under the probe end of W1 and

W2 as shown in Fig/ -h- and Fig.8 -h- respectively showed a similarity in microstructure
which wasferrite-cementiteaggregat€FCA) and some islands dfinitewith 15 umprior
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austenite grains. This similarity in microstructure in W1 and W2 at the prolie emnticative
of close/similaramount of heat generati@md thussimilartemperaturerangeexperienced
by the materiain cortact with that part of the toor his findingindicatesthat althougtihe

W1 microstructure experiencetightly lowertemperature aheshoulder ané@round the
probe sideeomparéd to W2, the probe entbr bothcasegW1 and W2)shows no evidence of
asignificant heat difference. Schmedit et al. 20@pshowedanalytically thathe probe end
contributionin heat generatiofor the hybrid PCBN FSW toatasless than 3% becauseaf
smaller probe end/workpiece contact area congjiarether tool parts.

Table 4: Microstructure of the different affected regions of W3, W4, W5 and W7.

Average Erztr'lrg:tgf Estimated
. prior . temperature Dcooling_ rate
Region Affec_ted Main microstructure AUfstenlf[e (°C) (Using Di Cls _(usmg Di
No. Region grains size Martino et al Martlno_ etal
(um) of B assumption)[L0 assumption)[L0
phase ]
WO03(33+2)
i ini ; 1200:1300C in
o Mix of balfn‘;(raitgnd acicular W04(352) the top surface 20-30 for FCA
L shoulder and 1100 d 3040 For B
_ o WO05(40£3) | 1000C for the | @n or
More acicular ferrite in W7 bainite phase phase
WO07(35+2)
W03(18+1)
Top of the probe side is a mi
of bainite and acicular ferrite] WO04(19+2)
2 probe side | bottom of the probe side is 3 12001300°C 3040
fine ferrite (45 pm) WO05(20+2)
decorated by cementite.
WO07(25+2)
Bainite with a coarser ferrite)
(2.5pum ) and cementite (1
um ) bands, the cementite
IHAZ (Top) bands are shorter than in
3 IHAZ regions 1 and 2 1542 1100-1000C 20-25
(bottom) T . :
Longitudinal ferrite matrix
with a mix of longitudinal and
nodular cementite
Ferrite matrix with cementite]
precipitated on the grain
boundaries, [nodular ferrite
grain measured-8 um] the
4 OHAz | Microstructure inwelds tendf o oo | 1000900°C 2530
to be ferrite grains (9 pm)
decorated by cementite witH
some islands of pearlite
toward the bottomfathis
region
Ferritic matrix with fine (0.3
pum) short platdike cementite o 20-30 for ECA
probe end not clear 10001100°C and 3040 For B
Coarser grains in W7
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W3, W4, W5 and W7 showesbmesimilarity in microstructure and thus theéescription

was organised in Tabke Fig. 8 showthe macrograph of W5 and the microstructure of
regiors of interestA comparison in microstructure of these welds with W1 and W2 are
carried out hereThe micostructure at region 1 of W1 and Wg. 6-a and-b-) which

showed a B phase with prior austenite gséangerthanof the120 RPM grou@s shown in
Table4 showsthatthe peak temperaturest the shoulder/workpiece contact regvess

higherin W1 andwW?2. This findingis in accordance witlother work P], [11] and [L2] which
indicates that heat input increaswith thetool rotational speedRegion 2 top and bottowf

W2 showed also a microstructure evolution with an expected tempegagadengs of TC2

and TC5 in Tabl&) higher tharl20 RPM grougpecause of the higher rotational speed. This
indicates that in W2 the rotational speed effect axasridingthe slight increase in plunge
depth of120RPM groupW1 showed some similarity iniorostructure of 1220RPM group in
Table4 at region 2 top and bottom, however, the prior austenitegyod W1 at region 2 top
wasdouble This similarity in microstructurdespite the higher rotational speed/t than
group of 120RPMshownin Table4) can be related to the differen@bout 0.5mm Tabl2)

in theplunge depth The increase in plunge degtxceed 11mmin 120RPM groughas
caused an increasetime contact area between tool and workpiece and thus produces more
heat towards thplatethicknessW7 microstructuraunderthe toolshoulder shows more
acicular ferrite compare to W3, W4 and W5 while the probe end showed coarser ferrite grains
as shown in figure 4.99vhich indicate that more heat input is produced during FSW process
as a resulof increasing the plunge depth to about 0.1mm.

Fig. 11 shows the microstructure of W6 for all regions of inter&khough the rotational

speed of W6 was the same of W3,W4,W5 and W07, it shows some diiaren

microstructure evolution especially in the direction towards the probe end. A mix of acicular
ferrite microstructure and B phase with prior austenite grains qir%vas foundunder
shoulderin region las shown in Fig. €d-. This microstructure is siilar to the one found in
other group of 120RPM. This findireppport the assertidhat increasing plunge depth is
highly affected on the microstructure towards the sample depth but less on the top. Region 2
top (Fig. 11 -b-) showedhigher amount o&cicuar ferritemicrostructuresimilar to that found

in W2. Compare to other cases of 120RPM shown in Taleich showed a mix of B and
acicular ferrite, region 2 topf W6 seem to be experienced higher temperature and slower
cooling rateand thughe microstructureof acicular ferritevas dominatedRegion 2 bottom

(Fig. 11 -c-) showed ferrite grains {@m) with cementite precipitate at the grain boundaries.
Region 3 (IHAZ) showed acicular ferrite in the top and a mix of acicular ferrite and nodular
ferrite in the bottom. This microstructure evolution is certainly experienced higher
temperature compare to the microstructure of other 1220RPM group which shows a mix of B
and FCAbecause of the difference in plunge depth as shown in Tablee microstruture

of W6 region 3 is also similar to that found in W2, however, W6 regibattom showed

some nodular ferrite in addition to short plated cementite. Region 4 OHAZ slenrigd

grainsof (7-8 um) with a mix of short plated and nodular cementtembeends showed a

ferritic matrix with short plated cementite (FCA) microstructure which was almost similar to
other 120RPM welds. Wwasalso similar to 200RPM group, howeysome B phase was

found in W1 and W2From all studied cases it can be inferred that the microstructure
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evolution was spatial. Regions in contact with and near thénévashowed a higher phase
transformatiorratherthan other regions because of receiving hidifeat inputlt is also
shownfrom the macrographs in Figure 3 that the regions affected by the tool probe is bigger
(represent about 70% from the total TMAZ and HAZ) than those affected by the tool
shoulder, thus it can be suggested that FSW tool with a stationary shoulder ang slightl
higher rotational speed can be enough for generating the heat required for welding.

Given that all studied cases have experienced phase transformations in the TMAZ
region (regions 1 and 2 combined together); hence this area should have fully been
austentised during the plunge/dwell. This region, which is also called the shear layer
[10], is believed to experience material flow when its temperature rises above the A3 line
of Fe-C phase diagram.

Conclusion

-Heat input increase with increasing the rotational speed &fSk¢étool, from 120 RPM to
200 RPM especially in the tool shoulder/workpiece contact surface.

-Increasing plunge depth is significantly affected on the microstructure towards the sample
depth;a tenthof amillimetre canvary the microstructure from one sample to anotRer.
example in W6 under the shoulder region, in a mixture of bainite and ferrite, more acicular
ferrite was observed when the plunge depth was increlmedasing th@lunge depth

producel more heat input than increasing the tool rotational spe®d was attributed tthe

fact that more tool surface areasin contact with the workpiecghen plunge depth was
increased

-TheProbe side plagda significant role in string materialand heat generatedlound it. In
contrast probe end did not show a significant effect in stirring the material. Based on the
results it is suggested that a tool with stationary shoulder and rotating probe would be
sufficient to complete thevelding process at a reduced cost.

-In all studiesplunge/dwellexperimentst was found that microstructure of flow regions 1
and 2 (total TMAZ) was fullyausteniteThis suggests that steel flow mostly occurs above the
Asline in the FeC phase diagram.
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