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Laser Beam Welding Tempered 300M
Ultrahigh Mechanical Strength Steel

AISI 300M ultrahigh strength steel has been usedhinumber of high demanding
applications, such as the VLS Brazilian rocket podj This work intends to propose
laser beam welding, with subsequent tempering, pessible route for the fabrication
of engineering pieces of this steel. A 2 kW fiteeret was used to produce welded
coupons for metallographic, hardness and tensilergjth tests. It has been shown that
convenient laser parameters for a 3 mm thick ptate50 mm/s welding speed and 1200
W laser power. However, both welded materials aedtfaffected zones presented high
hardness and negligible plastic deformation. In erdo produce useful engineering
parts, it was suggested a tempering treatment fdrof@rs at temperatures of 200 or
400°C. Tensile mechanical testing has shown thaidede and tempered coupons
presented both yield and maximum strengths compeutabthe unwelded material. On
the other hand, a maximum elongation of about 4% wlatained, in comparison with
12% from the bulk sample.
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Table 1. Mechanical properties of AlSI 4340 steel af ter tempering for 2 h at

The ultrahigh mechanical strength class of stedHSS) is
quite broad and includes several distinctly differéamilies of
steels such as medium-carbon low-alloy steels, unegilloy air-

hardening steels, high fracture toughness steelsraraging steels
(ASM, 1993). The medium-carbon low-alloy family oftrahigh-
strength steels includes AISI/SAE 4130, the highrsith 4140, and

the deeper hardening, high-strength 4340. Seveodifivations of

the basic 4340 steel have been developed. In ordificaion,
silicon content is increased to prevent embrittlenwehen the steel

is tempered at the low temperatures required foy kegh strength,

giving rise to the 300M steel. The Brazilian sétellauncher rocket
VLS extensively uses 300M steel for the solid phape stages.

Three of four thrusters are made of 300M while enenade of a
composite structure (Boscov et al., 1985).

different temperatures (Lee and Su, 1999). AQ = As  Quenched.
Tempering temperature (°C)
Property 1200 | 200 | 250 | 300| 400| 500 650 AQ
Yieldstrength | 1500 | 1657| 1508] 143§ 130D 1190 s8i4 2115
(MPa)
Tensile strength | g9 | 1795|1606 1587 1437 1294 o717 2714
limit (MPa)
V'Ckea\'})a’d”ess 617 | 536 | 497 | 486 | 460| 407| 356 660
Reducz%‘ ofareal 450 | 410| 420| 350 45d 500 70 337
Elongation (%) 8.4 8.6 9.8 8.8 10. 140 141 45
Strain hardening 4
Conffoiont 053 | 05 | 048| 042 038 032 041 057

The 300M steel presents elevated hardenability vgtod
ductility and toughness and ultimate strength tgibjc between
1860 and 2070 MPa (ASM, 1993). Typical heat treateor
300M steels are normalizing, hardening and temgeftormalizing
usually is carried out between 915 and 940°C foergod depending
on the part dimensions followed by air-cooling. thaming is
obtained by austenitizing in temperatures betwe@h &d 885°C
followed by quenching in oil or salt bath. Temperis obtained by
maintaining the pieces at temperatures betweera@@®15°C for 2
to 4 hours, in order to obtain a good combinatietwieen high yield
strength and good toughness (ASM, 1993). Since8@M/ steel is
easily hardenable, tempering is an obligatory stemanufacturing
since most mechanical properties could be tunedteypering
temperature and residence time.

Anazawa et al. (2006) verified that AISI 300M steeblutes
during aging at ambient temperature due to thestommation
induced plasticity (TRIP) mechanism. This effectlirked to a
continuous transformation from austenite to maitensgith benefits
to plastic deformation, maintaining high tensileesgth levels
(Anazawa, 2008).

Lee and Su (1999) studied microstructure and méchlan
properties of quenched AISI 4340 steel, similaAt8] 300M, under
different tempering conditions. These authors hagdusamples
provided in the form of extruded bar, austenitizzd50°C for 30
minutes, cooled in oil, and made a subsequent téngpen
temperatures between 100 and 650°C for 2 hours.riéehanical
properties obtained by these authors are presenieble 1.
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Lee and Su (1999) results showed that as-quenocbedition
creates martensite that is responsible for highdystrength and
high hardness values, but with low elongation. Termy had been
used to produce a more ductile bar and a converbalgnce
between mechanical strength and elongation coultubed by an
appropriate heat treatment (Table 1).

Welding usually produces effects similar to querinhthe
resolidified and heat-affect regions, such as lyighd strength, high
hardness and low elongation levels, due to materfsrmation.
AISI 4340 and 300M steels are suitable for weldingy when they
are in the annealed or normalized condition (Kewtgtals, 2010).
After welding, they have to be heat treated to iobthe desired
balance of properties. The gas tungsten arc, teemggal arc, the
shielded metal arc, and the gas welding processaléresed for
welding these steels. The composition of the filleetal when
required is designed to produce a weld deposit esppionds to a
heat treatment in approximately the same mannéieabase metal
(Key to Metals, 2010).

Although of important applications in the aerospavaustry,
the ultrahigh strength steels welding, in partic/l840 and 300M
classes, is very poorly documented in the litemtioshangias et
al. (2010) studied gas tungsten arc welding cheristics of
35NiCrMoV123 ultrahigh strength steel showing tagtost welding
heat treatment at 310°C produces a convenient impsistant
structure composed of lower bainite. Mujica et (2009) studied
laser beam welded TWIP (Twinning Induced Plastjcisteels
which are able to reach elongations up to 0.6 $tteen and tensile
strengths of up to 1200 MPa true stress. Theseauttave shown
that refined austenite grains were obtained in figon zone,
leading to a local increase on fracture toughness tb the
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strengthening mechanism. Daneshpour et al. (2@28iged a study
about laser and spot welding on high strength sBf¥80 on

fatigue conditions. These authors have shown duigife strength
of the laser welds is as good as or even better that of the

resistance spot welds. This fact reveals that lastds on DP780
steel can be a viable alternative to the conveatiossistance spot
welds.

Even though the Institute of Aeronautics and Syreefl has
been working on arc and plasma welding of 300M|d@emany
years (IAE, 2011), it is now time to move forward to peovhe
usefulness of laser beam welding to reduce bothl aeld heat-
affected zones widths. The objective of this cdmittion is to study
the feasibility to produce sound joints of the ABEIOM steel using
a high-power laser system and to determine theesuient heat
treatment for engineering uses.

Material and M ethodol ogy

The steel used here is an AISI 300M grade produwmgd
Eletrometal Acos Finos SA and its chemical compasits given in
Table 2 (Fe balance). The material was furnishe@®-asn thick
sheets in normalizing condition (900°C / 1 houuarhfice cooled to
ambient temperature).

Table 2. Chemical composition of the steel (wt.%).

Elements %
C 0.3¢
S 0.0005
P 0.00¢
Si 1.78

Mn 0.7¢€
Cr 0.7¢
Ni 1.69
Mo 0.4C
Al 0.003
\ 0.0¢
Cu 0.14

A 2 kW continuous wave fiber laser produced by IB&G was
used here. The laser radiation is generated iprB@iameter fiber
doped with ytterbium. The doped fiber is conned®dch process

fiber with 100um diameter and 10 m long, which is then connected;|

to an Optoskand processing head. The focal length ¥67 mm
with a minimum spot diameter of 1Q0n.

Pure argon gas at 30 I/min flow rate has been tspdodtect the
surface against oxidation. The protection gas veiseted through
a rounded copper tube of 3 mm internal diametezctiy over the
irradiated area. The samples moving are realized IGNC table
with a constant velocity ranging from 1 to 160 mmjast before
welding the sample surface was grounded with a@RiC paper to
remove oxidation and then washed with ethanol.

Microstructural analyses were carried out using icpt
Microscopy (OM), Scanning Electron Microscopy (SEMhd
Microhardness Testing (HV). The optical microscipea reflected
light Reichert Polyvar 2 equipped with acquisitisgstem and
image processing software. The scanning electramosgopy is a
Zeiss Model LEO 435 Vpi and it was used to studgifrfractured
surfaces. The microhardness tester is a Future-teeh 700
equipment using a Vickers pyramid and loads frorto 5500 df.
Here, the applied load was 200 gf and the apptinaiime was 9 s.
The furnace used to heat treatments is an eldatricitec brand. All
heat treatments were carried out after the furhesestabilized its
temperature for at least 6 hours. Tempering walizeghin normal
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atmosphere and cooling was carried out by puttirgsamples out
of the furnace on a ceramic brick.

The equipment for mechanical tests was an MTS &h8ile
machine, with a load cell with a capacity of 250. Kithe speed of
displacement of the head was 1.0 mm/min. For eaelding
condition, three samples were tested in tensiom Wit welding
direction perpendicular to the tensile directioror Rhe current
mechanical tests the applicable standard was ASTOM-B5a
(ASTM, 1995). Following the standard, the tensisting sample
had 3 mm thickness and 10 mm nominal width fortal tength of
100 mm. The reduced area had 32 mm length and 6vitth.

Results and Discussion

Laser Beam Welding (LBW)

The two most important process parameters for LB/ the
laser speed and power, which were changed accdydingthe
photos in Figs. 1 and 2. The parameters are arthe800 W power
and 50 mm/s speed since these values represemaltygtieels
welding in the lab. The other parameters were emtstrgon flux
30 l/win over the weld pool; cross-jet gas protetof N2 for the
optics; 5° laser inclination with respect to theface, to avoid back
reflection into the cavity and focus on the matergurface and all
welds are bead-on-plate. Figures 1 and 2 presentogital
micrograph of the transversal cross-section fohezandition, for
comparison. The scale bar in each photo repre8entam.

:
, Power =400 W

c samlé 1C, Power = 600 (d) sample 1D, Power = 800

(e) sample 1E, Power = 1000 (f) sample 1F, Power = 1200 W

(g) sample 1G, Power = 1300 W

Figure 1. Micrograph of cross-section weld beads (v =50 mmi/s).
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(f) sample 2F, speed = 50 mm/s

(hal 2H, speed = 20 mm/s

-

) sample 2J, speed =5 m

m/s.

(i) sample 2I, speed = 10 mm/s

@
Figure 2. Laser beam welding parameters and related
beads (P = 800 W).

cross-section weld

Some porosity is verified in the micrographs of.Higand Fig. 2,
due to the degassing of the base material. In sases, such as 2C, it
is clearly observed that porosity segregates toctgreline of the
weld were the melt solidifies at last. A centrelinignment of
porosities is a problematic situation in welds lbeeacauses a weak
joint, ready for cracking. Cracking is sometimeseafwed when the
speed is too high, such as in 2A. At 150 mm/sctiwing rate is so
high that strain rate during welding (shrinkagesphapid cooling
effects) could cause cracking, particularly saidifion cracking
(Rappaz, 1999). From Fig. 1 and Fig. 2, it is cthat the melted zone
(M2Z) and heat-affected zone increase with increpkiser power and
decreasing weld speed. Welding at very low spesglsGondition 2J)
results in a large heat-affected zone (HAZ) somesiaylar to arc
welding aspect. The effect of both parameters dd depth could be
also seen in Fig. 3. The influence of speed onwb&l depth is
approximately inverse power function and power werslepth is
approximately linear. As the heat input is usudg ratio between
laser power and weld speed, the influence of tléihput in the melt
depth is almost ascendant linear.
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Figure 3. Effect of (a) laser power and (b) weld sp  eed on welding depth.

Figure 4 presents the results of Vickers Hardnkt$) gesting
for each experimental condition in the melted z¢{vi&, dark gray
bars) and heat-affected zone (HAZ, light gray bafs) could be
seen, the hardness did not change significantlyn fsample to
sample, being around 670 HV for both zones. Thiseseepresents
an increase of 55% compared to the base materiednéss
(horizontal line in Fig. 4). This high hardnessuatesults from the
martensite structure (Fig. 5) produced in both Md &AZ.

800
I Mz
[CHAZ
700 - e
~ 600 - 1
I
500 - B
Base Material Hardness
400 -
1A1B1C1D1E 1F 1G2A 2B 2C 2D 2E 2F 2G2H 2| 2J
Sample

Figure 4. Results of Vickers Hardness for each expe  rimental condition.
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Figure 5. Martensitic structure observed in the mel

ted zone of the sample 1F.

The condition where it is observed a full penetrativeld is 1F,
which had been retained for the continuation of gshedy. The
condition 1G also presented full penetration, betroot of the weld
has shown dropout (liquid flow) due to the excesgpower. Since
the resulting microstructure in all studied corahi§ is mainly
martensitic, the results obtained for sample 1Hdc:be considered
as well as for the other conditions.

Tempering

A 3 mm thick sheet was welded at 1200 W laser poavet
50 mm/s weld speed and then sectioned in coupons
tempering. Tempering was carried out as proposed.ds and
Su (1999) within the temperature interval 100 t®®5 during
two hours. The tempering temperatures were: 10@, 250,
300, 400, 500 and 650°C.

It must be pointed out that MZ and HAZ, mainly campd of
martensite, passed by the first tempering whileuhaffected bulk
material experienced an additional heat treatment.

The microstructural evolution for the tempered amgp had
shown carbides growth in both MZ and HAZ. CarbidesHAZ
decorated both the grains and the grain boundaies in MZ
darkened the interdendritic regions. Figure 6 shthesmicrographs
of the polished and etched surface of the weldsr afimpering at
200°C. Figure 6a shows that MZ is composed by desdiof
gamma phase, which could be seen with more detailsg. 6b.
Heat-affected zone (HAZ, in Fig. 6b) is finely demted with
tempered martensite. The region between MZ and hAeSents
well marked grain boundaries as a result of liqara{Kou, 2003).

Hardness tests of the tempered coupons were cothpétke
those realized by Lee and Su (1999) in AISI 434®Istas can be
seen in Fig. 7. The results are quite similar, evensidering the
different steel compositions, AISI 4340 and 300Md adifferent
processing routes: quenching and laser beam wel@ihmytrend line
equation for this work is HV = 641-0.506P, compared to 643-
0.4694T of the literature data (Lee, 1999). Base matéraatiness
was approximately constant up to 500°C and theppmid because
of austenite grain growth.

From Fig. 7 it can be seen that hardness maintdirgitvalues
in temperatures below 200°C. Above 500°C both welded base
material became too soft. Additionally, from Leeda8u (1999)
studies, carbide films form around the retainedtemite grains
around 300°C, with associated loss of materialsghioess.

J. of the Braz. Soc. of Mech. Sci. & Eng. Copyright

Therefore, for continuation of the work, the tenipgrtemperatures
of 200 and 400°C were chosen.

'. ﬂ' s‘

SR e

)
(b)

Figure 6. Top surface micrographs of weld after tem  pering at 200C.

700

W This work
O Lee and Su
A Base

600 ¥ material

500

HV

400

300

200

200 300 400 500 600 700

Tempering temperature (°C)

Figure 7. Hardness values after tempering obtained
comparison with reference Lee (1999) and with the b
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Tensile Strength Testing

Tensile strength testing was carried out in thrmgpons each at
conditions given in Table 3. Three bulk specimenithout welding,
were also tested for comparison. The results asepted in Table 3.

Table 3. Conditions for tensile strength tests and summary of the results.

. As- Welded- | Welded-
Condition Bulk welded 200 400
Weldin No 1200 W,| 1200 W, 1200 W,

9 50 mm/s| 50 mm/s | 50 mm/s
Tempering
temp. (°C) No No 200 400
Yield strength | 925+ * 1028+
(MPa) 67 122 | 1150+10
Tensile strengthl 1611+ 1555+
(MPa) 65 592+ 87 239 1295+ 75
. 12.0+
Elongation (%) 03 09+0.7| 4.0£1.9 4.7£2.0
Reduction in -
area (%) 18+8 1.3+0.2 6+5

* Could not be measured. ** Negligible.

The bulk specimen reached the high values of yietdi
maximum strength, elongation and reduction in aféer breaking,
being considered the standard optimum values. Adeslesample
has shown very poor mechanical properties withgimficant plastic
deformation, showing the importance of subsequempering
treatment.

(b)

Figure 8. Micrographs of the fractured surfaces aft
welded and (b) welded and tempered at 200C.

er tensile tests: (a) as-
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The coupons submitted to tempering recovered thesilée
strength level of Bulk sample, but with losses e tplastic
deformation behavior, reaching about 1/3 of thegdtion observed
in the solid material. Nevertheless, considering tivelding
restrictions, these coupons welded and temperestpreonvenient
properties for further studies aiming applicatians mechanical
construction.

Two micrographs in Fig. 8 present the fracturedamas for as-
welded (a) and tempered at 200°C (b) conditionsc#s be seen,
the as-welded condition presents a mixed mode uractvith
cleavage and dimples characteristics of a materigh limited
plasticity. On the other hand, the tempered saififite 8b) presents
a fractography composed by dimples showing mordilduilure
behaviour.

Conclusions

After analyzing the results, the following concluss could be
drawn:

* The welding depth is dependent on the laser ponemaeld
speed, attaining the maximum depth for the AISIN3Gleel sheet
(3 mm) at 1200 W and 50 mm/s.

e The weld bead presented high hardness in all expetal
conditions. The melted zone and heat-affected hakan average
hardness of 670 HV, with martensite formation tiglwaut. The as-
welded condition also presented a negligible eltogawith very
poor tensile mechanical properties.

* Hence tempering was studied in a range of tempestu
between 100 and 650°C with residence time of twarfioTwo
different tempering temperatures were chosen, 200 400°C,
where the hardness has decreased without affedtieg bulk
material. Tensile mechanical test of welded andpted coupons
has shown good yield and maximum strength valugswith some
losses on ductility.
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