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during Electron-Beam and Gas Tungsten Arc Welding
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The evolution of microstructure and texture in the AZ-series Mg alloys subjected to electron-beam welding
and gas tungsten arc welding are examined. Electron-beam welding is demonstrated to be a promising
means of welding delicate Mg plates, bars, or tubes with a thickness of up to 50 mm; gas tungsten arc
welding is limited to lower-end thin Mg sheets. The grains in the fusion zone (FZ) are nearly equiaxed
in shape and ~8 um or less in size, due to the rapid cooling rate. The as-welded FZ microhard-
ness and tensile strength are higher than the base metals due to the smaller grain size. The weld effi-
ciency, defined as the postweld microhardness or tensile strength at the mid-FZ region divided by that
of the unwelded base metal, is around 110 to 125 pct for electron-beam welding and 97 to 110 pct for
gas tungsten arc welding. There are three main texture components present in the electron-beam-welded
(EBW) FZ, i.e., {1011}<1012> (with TD//<1120>), {1121}<1100> (with NDA<1120>~15 deg),
and {1010}<1122> (with WD 5<<1120>~30 deg), where TD, ND, and WD are the transverse, nor-
mal, and welding directions, respectively. The crystal growth tends to align toward the most closed-packed
direction, <1120>. The texture in gas tungsten arc welded (GTAW) specimens is more diverse and
complicated than the EBW counterparts, due to the limited and shallow FZ and the lower cooling rate.
The cooling rates calculated by the three-dimensional (3-D) and two-dimensional (2-D) heat-transfer
models are considered to be the lower and upper bounds. The cooling rate increases with decreasing Al
content, increasing weld speed, and increasing distance from the weld top surface. The influences of the
FZ location, welding speed, and alloy content on the resulting texture components are rationalized and

discussed.

I. INTRODUCTION

MAGNESIUM alloys have been used in a wide variety
of structural and nonstructural applications due to their unique
properties such as low density and high special strength and
elastic modulus.!"?! They are considered as advanced mater-
ials for coping with energy-conservation and environmental-
pollution regulations and are used as parts in the automobile,
aircraft, or aerospace industries, where lightweight metals are
needed to minimize weight or reduce internal forces at high
accelerations. During the past five years, applications in auto-
mobile, bicycle, and computer, communication, and consumer
electronic products have become rapidly extended.”’ Among
many Mg-based alloys, the AZ- (Mg-Al-Zn), AM- (Mg-Al-
Mn), and ZK- (Mg-Zn-Zr) based alloys seem to be most pop-
ular, with the AZ91 and AZ31 alloys being the lowest priced
and occupying the highest market. No matter how the alloys
are processed, either via the die casting or wrought route,
an appropriate bonding or joining technique is crucial for
their applications.

Magnesium has a high vapor pressure, low viscosity, and
low surface tension, as compared with Fe-based alloys.*!
Typically, the fusion zone (FZ) of Mg alloys will be less
stable, with spattering effects. A high vapor pressure will
result in Mg loss during welding."! Also, Mg oxides and
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nitrides formed during welding might cause detrimental con-
sequences. The addition of solute elements will also affect
welding performance, and it was found that an Al content
up to 10 wt pct aids the weldability by causing refinement
of grain structure, while a Zn content of more than 1 wt pct
increases hot shortness, which may cause weld cracking.”

There have been several welding techniques adopted for
joining Mg alloys. These methods include arc welding,!*!
friction stir welding,!'! and high-energy beam welding (laser
or electron beam).'“!8! Presently, only the gas tungsten arc
welding is commercially employed, mainly for the repair of
cast Mg parts. For special delicate applications, laser-beam
welding and electron-beam welding are also selectively
applied. Electron-beam welding has long been considered to
be powerful for welding thick plates, owing to its much higher
FZ depth-to-width aspect ratio. On the other hand, gas tung-
sten arc welding would be most suitable for thin sheets, since
the FZ aspect ratio is typically low. Considering the many
Mg alloys that are used in the as-extruded or age-hardened
condition, the gas tungsten arc welding process has some dis-
advantages. Due to the high energy input, a broad FZ and
heat-affected zone (HAZ) are formed, necessitating a post-
weld heat treatment. In contrast, electron-beam welding is
characterized by its excellent focusing ability, resulting in a
narrow beam spot with a high energy density. This would, in
turn, result in a high FZ aspect ratio, decreased HAZ dimen-
sions, and reduction in weld distortion.['>1°!

The concentrated electron-beam energy creates a narrow
and deep FZ in a thick plate due to the keyhole mechan-
ism.["*!8 This will induce a considerably high cooling rate
that would change the solidification path as compared to con-
ventional processes such as die casting and gas tungsten arc
welding, which involve slower cooling rates. Since the dif-
fusion time and, thus, diffusion distance during electron-beam
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welding are shorter, different phases may nucleate. Finer grain
sizes are usually associated with faster cooling rates. Such
changes may reduce the problems involved in arc welding
and bring about improvement of the mechanical properties of
welded parts. The typical joint efficiency (defined by the post-
weld FZ hardness or strength divided by that of the unwelded
base metal) for Mg alloys subjected to gas tungsten arc weld-
ing could be as high as 70 to 90 pct.!*3! Either laser-beam or
electron-beam welding of AZ-based alloys will result in a
high joint efficiency of even 100 pct or higher.">!8 For both
gas tungsten arc welding and electron-beam welding, the fusion
line in Mg alloys with high solute contents, such as AZ91 or
AMG60, was not distinct. Instead, a partially melted zone was
present.”!8!

Most studies reported in the literature on high-energy weld-
ing of Mg-based alloys were mainly centered on laser-beam
welding, and only basic microstructural and mechanical prop-
erties were presented. Systemic investigations on electron-
beam welding of Mg-based alloys are still very limited.!>!4-1618!
The present study is aimed at the evolution of microstructure
and texture in the AZ-based plates subjected to electron-beam
welding, in order to understand better the influence of high
cooling rates on the microstructure and texture. Comparisons
with the parallel studies on gas tungsten arc welding in the
same Mg alloys are made, and the results are discussed. Texture
studies of the weld zones in hexagonal Mg alloys, for the time
being, are mainly for scientific curiosity, but the results might
help in rationalizing the mechanical properties of the weld, as
well as in understanding the grain-orientation distributions in
many cast or wrought commercial Mg alloys subjected to
primary or secondary thermal treatments.

II. EXPERIMENTAL METHODS

The Mg-based alloys used in this study are AZ31, AZ61,
and AZ91 commercial billets purchased from the CDN Com-
pany (Delta, BC, Canada). The compositions in weight per-
cent are listed in Table I. The Mg-based billets were machined
into plates measuring 3, 30, and 50 mm in thickness for weld-
ing studies. Standard heat treatments, consisting of solution
treatment at 415 °C for 2 to 10 hours (depending on the plate
thickness) followed by a water quench, were performed on

these plates to ensure a similar starting condition. Fully recrys-
tallized and equiaxed grains are formed, all measuring in the
range of 80 * 30 wum (a typical grain size for most com-
mercial Mg alloys)

The three Mg-based materials were autogeneously bead-on-
plate welded with the Torvac CVE63B electron-beam welding
system in vacuum at 5 to 8 X 1073 torr. The focused electron-
beam size was determined to be around 0.2 to 0.5 mm.!'”)
The electron beam was consistently focused on the speci-
men’s top surface. The electron-beam power employed was
varied from 1500 to 2500 W with weld speeds of 16, 20, and
35 mm/s. Systematic electron-beam welding characteriza-
tions in terms of microstructure and texture studies were con-
ducted on the plates of 30 mm in thickness, using a fixed,
medium electron-beam power of 1925 W, with an applied
voltage of 55 kV and current of 35 mA. Selected trials were
made on the 50-mm-thick plates in order to achieve thicker
weld depths. The related welding parameters for this case
are listed in Table II. Conventional gas tungsten arc weld-
ing was performed using Ar atmosphere protection, under a
no-preheat and no-filler autogeneous bead-on-plate welding
condition. The heat input for gas tungsten arc welding
(98 J/mm) was chosen to be compatible with that for electron-
beam welding (55 to 120 J/mm). The welding variables are
also listed in Table II. Due to the Ar gas continuously flow-
ing, minor heat dissipation via the Ar atmosphere is involved.

Basic characterizations such as microstructure, FZ aspect
ratio, possible porosity, and crack formation were investi-
gated by optical microscopy and scanning electron micro-
scopy. The specimen sampling from the welded plates in
terms of the three orientations (namely, the welding direc-
tion (WD), normal direction (ND), and transverse direction
(TD)) for tensile testing and local texture experiments are
depicted in Figure 1. The gage section of the tensile speci-
men is 5.5 in length, 3 mm in width, and 2 mm in thick-
ness. For the gas tungsten arc welded (GTAW) specimens
containing shallow FZs, the tensile specimens were ground
away from the unpenetrated bottom part, so the thickness
would be lower than 2 mm. For grain-size examinations,
the welded plates were sectioned and mounted in Bakelite.
The specimens were then polished using standard metallo
graphic procedures with up to 0.05 wm Al,O; powders, fol-
lowed by ultrasonic vibration cleaning. The specimens were

Table I. Chemical Compositions in Weight Percent of the Three Mg-Based Materials Studied (the Atomic Percent
is Shown in Parentheses)
Material Mg Al Zn Mn Si Fe
AZ31 bal 2.86 (2.60) 0.82 (0.31) 0.31 (0.14) <0.01 <0.01
AZ61 bal 5.88 (5.36) 0.74 (0.28) 0.28 (0.13) <0.01 <0.01
AZ91 bal 9.07 (8.29) 0.62 (0.23) 0.33 (0.15) <0.017 <0.003
Table II. Welding Parameters Used for the AZ31, AZ61, and AZ91 Mg Plates for Systematic Characterization

on the FZ Microstructure and Texture

Welding method Thickness (mm) Voltage (V) Current (A) Power (W) Speed (mm/s) Heat Input (J/mm)
EBW 50 55,000 0.044 2400 16 150
30 55,000 0.035 1925 16 120
20 96
35 55
GTAW 3 12 50 600 6.15 98
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Fig. I—Schematic drawings of the specimens extracted from the FZ: (a) the longitudinal minitensile EBW specimens with the loading direction parallel
to WD, (b) the longitudinal and transverse minitensile GTAW specimens, and (c¢) small square samples for EBSD examinations. For the deep EBW FZ,
the top (1), mid (2), and bottom (3) regions were examined separately. For the shallow GTAW FZ, only the fusion line (5) and FZ center (6) were included.

The texture in the matrix (4) was characterized before welding.

then etched in a solution comprised of 5 mL acetic acid +
5 g picric acid + 10 mL water and 100 mL ethyl alcohol
for 10 to 30 seconds until the microstructure was revealed.
The linear-intercept method was used for the determination
of grain size. The microhardness was measured on welded
specimens after polishing to identify the softening or hard-
ening effect within the FZ and the HAZ, using the Vickers
microhardness tester with a 100 g load for a 15-second dwell
time. Room-temperature tensile tests were conducted using
an Instron 5582 universal testing machine at a strain rate of
1 X103 s7h

Furthermore, the texture in different locations of the three
Mg-based specimens before and after electron-beam weld-
ing and gas tungsten arc welding was characterized by X-ray
diffraction (XRD) and electron-backscattered diffraction
(EBSD) using a scanning electron microscope (SEM). The
local EBSD experiments were performed using the two
Oxford Opal and Inca systems, one attached to the regular
SEM (JEOL* JSM 6400) and one to the field-emission-gun

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.
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SEM (JEOL JSM 6335). The specimens need to be care-
fully electrochemically polished and examined soon after
polishing. Due to the low efficiency of backscattered elec-
trons and, thus, the low intensity of the Kikuchi patterns
from the low-atomic-number-element Mg, a longer accumu-
lation time is needed. Before automatic Kikuchi-patterns
indexing during the mapping and pole-figure generation is
performed, frequent manual indexing to ensure the accuracy
of orientation identification is strongly recommended. The
pixel size was typically around 1 um, and around 4000 pixel
points were measured for each mapping and for the construc-
tion of each pole figure, inverse pole figure, and orientation
distribution function (ODF). On average, around 800 grains
were included for each pole-figure construction, and several
locations for each region (e.g., top, mid, and bottom regions
of the FZ) were selected to ensure the representative accu-
racy and reproducibility of the constructed pole figures, and
the results are confirmed by the bulk XRD pole figures. The
accumulation time for one pole figure would be roughly
4 and 0.5 hours for the regular and field-emission gun SEMs,
respectively.
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Fig. 2—Optical micrographs showing (a) the narrow and deep FZ in the EBW AZ61 specimens and (b) the wide and shallow FZ in the GTAW AZ61 specimens.

III. RESULTS

A. Weld Appearance

Since the Zn contents in AZ31, AZ61, and AZ91 are basic-
ally similar, the primary composition difference is the Al con-
tent. With increasing Al content from 3 to 9 pct in the three
Mg-based materials, the top-surface appearance became
smoother, with regular ripples and less spattering the FZ
aspect ratio became higher, and the weld depth became deeper.
The weld depth varied from 13 mm (43 pct penetration) to
28 mm (93 pct) for the 30 mm electron-beam-welded (EBW)
specimens using heat inputs of 55 to 120 J/mm and from
1.2 mm (41 pct) to 1.4 mm (46 pct) for the 3 mm GTAW
specimens using a heat input of 98 J/mm. The highest weld
depths of 41, 45, and 50 mm (Figure 2(a)) were obtained in
the AZ31, AZ61 and AZ91 50-mm-thick plates, respectively,
using a heat input of 150 J/mm. The highest weld aspect ratio
reached ~10, which is considerably high compared with
Fe- and Al-based alloys. The lower solidus temperatures
and the lower thermal conductivity should be the primary
cause for a deeper weld depth in AZ91 with a higher Al con-
tent, as discussed previously.!'®! The excellent FZ aspect ratio
in EBW Mg alloys provides promising warranty for weld-
ing thick Mg plates, bars, or tubes. Figure 3 shows the vari-
ation of FZ aspect ratio in the EBW specimens as a function
of heat-input level. With increasing heat input, a higher aspect
ratio was obtained. Weld-induced porosity was seldom
observed. Occasionally, there were one or two small pores
retained at the FZ roots. This may be caused by the trapping
of Mg evaporation inside the keyhole when the welding speed
or cooling rate was high.
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Fig. 3—Variation of FZ aspect ratio as a function of heat input for the three
Mg EBW specimens.

In comparison, with a similar level of heat input of 98 J/mm
(a weld power of 600 W and a weld speed of 6.15 mm/s)
used in gas tungsten arc welding on the same Mg alloys,
the FZ depth (~1.3 mm) and aspect ratio (~0.5) are signifi-
cantly lower, as shown in Figure 2(b). The keyhole mech-
anism did not operate during gas tungsten arc welding.
Apparent spattering was observed on the AZ31 GTAW weld
surface. With increasing Al content, the top surface became
smoother with stable ripples, a similar behavior to the EBW
specimens.
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(a) AZ31, top

(d) AZ91, bottom

Fig. 4—Optical micrographs showing the grain structures in the (a) and (c) top and (b) and (d) bottom regions of the AZ31 and AZ91 EB FZs welded with

a heat input of 96 J/mm.

Table III. Summary of the Measured Grain Size (pm)
in the Top, Mid, and Bottom Regions of FZ in the Three
Mg Alloys Subject to EBW and GTAW; the Data Are
Subjected to a Maximum 10 Pct Standard Deviation

Welding Heat
Material Method  Input J/mm) Top Mid  Bottom
AZ31 EBW 55 9.2 8.0 6.1
96 10.0 8.1 6.9
120 153  13.0 8.9
GTAW 98 — 12.1 —
AZ61 EBW 55 7.3 6.2 5.4
96 8.8 7.6 6.0
120 11.1 8.0 6.9
GTAW 98 — 9.7 —
AZ91 EBW 55 5.0 4.1 2.9
96 5.3 5.0 4.2
120 7.2 6.1 4.4
GTAW 98 — 8.0 —

B. FZ Microstructures

Figure 4 presents the typical optical micrographs showing
the FZ grain structures. Table III compares the grain sizes meas-
ured from the top, mid, and bottom regions of the deep FZ in
the EBW 30 mm specimens subject to different heat-input lev-
els. The grain size shows a decreasing trend with decreasing
heat input, increasing Al content, and increasing distance from
the top surface. The aforementioned trend can be easily under-
stood in terms of the lower degree of grain growth with lower
heat input and the faster cooling rate in the root area. For all

METALLURGICAL AND MATERIALS TRANSACTIONS A

three alloys EBW using a weld power of 1925 W in the 30-
mm-thick plate, the grain size in the bottom regions falls to 3
to 9 um, appreciably reduced from the 80 * 30 um size in
the matrix. There was no apparent long columnar grain in all
EBW specimens. The lack of long columnar grains is thought
to be a result of high thermal conductivity and high cooling
rates in Mg alloys, as discussed previously.®!

In comparison, with a similar level of heat input of
98 J/mm applied in gas tungsten arc welding on the same
Mg alloys, the grain size was larger than that in the EBW
counterparts, as compared in Table III. Due to the shallow
FZ in the GTAW specimens, the grain sizes for the GTAW
specimens in Table III represent the typical readings obtained
from the entire FZ. There was no apparent variation in the
top or bottom FZ region.

The fusion line between the FZ and matrix in both of the
EBW and GTAW specimens becomes more and more vague
and extends into the matrix with increasing Al content, as com-
pared in Figure 5. This was especially pronounced in AZ91,
with the highest solute contents; in this case, the fusion line
appears to be a wide, partially liquated zone near the fusion
boundary. According to the Mg-Al phase diagram!®” in Fig-
ure 6, the liquid + solid dual-phase temperature range increases
with increasing Al content. In the AZ91 alloys, partial melting
would proceed from the FZ outward along the (3 precipitates
that were mainly aligned along the grain boundaries of the
base materials. The low-melting-point nature (7,, ~ 450 °C)
of the (8 precipitates, coupled with the high thermal conductivity
and low heat capacity of Mg-based alloys, lead to the wide
partial melting zone. In contrast, with the low Al content and
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Fig. 5—Optical micrographs showing (a) the distinct and straight fusion line in AZ31, and (b) extended partial melting and zigzag fusion line in AZ91
subject to EBW or GTAW.

700 Table IV. Summary of the Measured Microhardness (H,)

\ 4 in the Top, Mid, and Bottom Regions of FZ in the Three
600 @ - - Mg Alloys Subject to EBW and GTAW; the Average H,
@ Microhardness Data on the Unwelded Base Metals are
S 004 56, 60, and 68 for AZ31, AZ61, and AZ91, Respectively
; L Welding Heat Input Weld
= 400 : i B 4 - Material Method ~ (J/mm) Top Mid Bottom Efficiency
g AZ31 EBW 55 64 69 71 123 pct
= 300] 4 i 96 62 67 67 120 pct
< 120 57 63 64 113 pct
= GTAW 98  — 55 — 98 pet
2007 I AZ61  EBW 55 747375 122 pet
96 70 73 78 122 pet
100 T T ; " 1 r - r 120 70 72 72 120 pct
0 1o 20 30 40 50 60 70 80 90 100 GTAW 98 — 65 — 108 pct
AZ91 EBW 55 81 82 85 121 pet

Atomic Percent Magnesium _o;
g )70 96 80 82 84 121 pet

Fig. 6—Binary phase diagram of the Mg-Al system.?"! 120 78 80 80 118 pet

GTAW 98 — 75 — 110 pet
possessing minimum 3 precipitates in both the FZ and base
matrix of the AZ31 alloy, there was no apparent partial melt- Table V. Summary of the Measured Tensile Properties
ing along the precipitate stringers or grain boundaries. of the Fusion Zone of the Three Mg Alloys Subject

to EBW and GTAW; the Average UTS and Elongation
. . Values of the Unwelded Base Metals are 201 MPa and
C. Postweld Mechanical Properties 18 Pct, 211 MPa and 15 Pct, and 216 MPa and 13 Pct
Microhardness measurements were carried out on the post- for AZ31, AZ61, and AZ91, Respectively
vyeld specimens along both the horizontal and vertical direc- Welding Heat Input UTS Elongation  Weld
tions of the .FZ. The average da.ta on both the EBW and Material Method ~ (J/mm)  (MPa) (Pct) Efficiency
GTAW specimens are compared in Table IV. The hardness

. . . . . . AZ31 EBW 55 240 21 119 pct
reading shows an increasing trend with decreasing heat input, % 238 2% 118 pet
increasing Al content, and increasing distance from the top 120 217 24 108 pet
surface. The hardness exhibits a reversed trend against that GTAW 08 210 25 104 pet
observed from the grain size, which can be rationalized on AZ61 EBW 55 264 19 125 pet
the basis of the Hall-Petch relationship, as discussed in 96 261 16 124 pet
Section IV—A. The microhardness readings of the GTAW 120 258 10 121 pet
specimens are slightly lower than those of the EBW coun- GTAW 98 205 11 97 pet
terparts, consistent with their slightly larger grain size. From AZS1  EBW 55 270 11 125 pet
Table IV, it is apparent that the weld efficieny (defined by 96 265 10 123 pet
the postweld microhardness at the mid-FZ region divided 120 258 10 119 pet

GTAW 98 213 10 99 pct

by that of the unwelded base metal) for the EBW and GTAW
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specimens varies from 113 to 123 pct and 98 to 110 pct,
respectively. The high weld efficiency is partly due to the
fact that the unwelded base metals were all billet products
directly machined from the semicontinuous casting product.
The latter is intrinsically softer. Our previous studies!'®! on
the extruded or rolled Mg plates yielded a relatively lower
weld efficiency of 80 to 110 pct.

Tensile tests were performed using mini tensile specimens
extracted from the EBW and GTAW specimens (Figures 1(a)
and (b), with tensile loading direction being parallel or

Top
Contour Ty —
levels: 23456782 —
Mid
Contour 1x—
Levels 23d456x
{00,011
Bottom %

Contour
Levels

perpendicular to the welding direction; these are called the
longitudinal or transverse mini tensile specimens. For the
longitudinal specimens, it was found that most postweld
tensile-strength values were higher than those of the unwelded
base metal. This was confirmed by the fact that almost all
transverse specimens failed in the matrix, rather than inside
the FZ, implying that the FZ is stronger than the matrix. The
tensile data presented in Table V are those averaged from
the longitudinal-specimen results and are considered to cor-
respond to the true strength of the FZ. It can be seen from

Contour 1x —
Levels 2345x

Wi

1.1, 2.0 gy o
¥

Contoury 1x —

2345z —

Levels

Contour 1x—

Levels 234567

Fig. 7—Typical EBSD (0001) and (1 120) pole figures obtained from the (a) top, (b) mid, and (c) bottom regions of the AZ61 FZ EB welded at 1925 W

and 16 mm/s.
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Table V that the weld efficiency (defined by the postweld
ultimate tensile stress (UTS) divided by the UTS of the
unwelded base metal) for the EBW and GTAW specimens
varies from 108 to 125 pct and 97 to 104 pct, respectively,
consistent with the microhardness results. The tensile elon-
gation of the EBW and GTAW specimens did not degrade
as compared with the unwelded base metals.

D. The EBSD Texture Characterizations

1. The EBW specimens

The EBSD pole figures represent the local texture within a
smaller region, usually measuring ~200 X 200 wm?. For the
EBW specimens with a deep FZ, the grain-orientation distri-
butions were measured from the top, mid, and bottom areas
of the FZ. The texture was measured from the three locations
of the longitudinal plane consisting of the WD and ND, as
shown by positions 1 through 3 in Figure 1(c). For the GTAW
specimens, since the FZ is rather wide and shallow, the fusion
line and FZ center of the top surface or the welding plane con-
sisting of the WD and TD were selected for EBSD measure-
ments, as also depicted by positions 5 and 6 in Figure 1(c).
The EBSD software will transform the input orientations and
present the pole figures in terms of WD and TD axes, repre-
senting the top surface or welding plane of the FZ.

Numerous pole figures, i.e., (0001), (1010), (1120), (1121),
and (1122) (and inverse pole figures and ODF as well), would
be generated from each mapping. Figure 7 presents an exam-
ple of the (0001) and (1120) pole figures, obtained from the
top, mid, and bottom regions of the EBW AZ61 specimen with
a welding power of 1925 W and welding speed of 16 mm/s.
The maximum contour level in the pole figures is, at most,
10 against the background, which is not considered to be a
highly strong texture, judging from a much higher level of up
to 40 reached for severely rolled or extruded alloys.!?!??)
Intuitively, the presence of numerous equiaxed grains in the
current FZ should not involve significantly strong textures.
However, an appreciable degree of preferred orientation with
the medium level of 2 to 10 is consistently observed. Upon
comparing these pole figures with the ideal texture compo-
nents simulated by an internal self-written software!®! (e.g.,
Figure 8) and standard stereography projections for pure Mg
(with c/a ratio of 1.624), three major texture components were
identified for this case. Their relationship with the FZ orien-
tations is established as

Type A: {1011}<101 2> texture component,
TD//<1120> [1a]

Type B: {1121}<1100> texture component,
ND A <1120>~15 deg [1b]

Type C: {1010}<1122 > texture component,
WD A <1120>~30 deg [1c]

The symbol A refers to the angle relationship between the
two mentioned orientations. Note that, in the type-A texture,
with {1011} parallel to the welding plane and <1012> par-
allel to the WD, then the TD has to be parallel to the a-axis
(i.e., <1120>). Mean while, the ND in the type-B texture
is <1121>, which is ~15 deg with respect to the a-axis
<1120>, and the WD in the type-C texture is <1122>,
which is ~30 deg with respect to the a-axis <1120>. Figure 9

2462—VOLUME 35A, AUGUST 2004

1,2 Type A {10T1}<1012>
3,4 Type B {112 13<1010>

| Tw.

N
)

=

\k_'\\-t_'/"{.'

—
//

B

= 42 \l 56,7,8 TypeC {1010}<1122>
7 @™

. @2 e

\“x.,_ ///

Fig. 8—The ideal positions of the three main texture components, types A,
B and C, in the {0001} pole figure of Mg simulated by an internal software.!!
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Fig. 9—The variation of texture intensity for the three main texture com-
ponents as a function of FZ position in the AZ61 specimens EB welded
at 1925 W and 16 mm/s.

shows the intensity variations of the three texture components
as a function of FZ position for this very specimen. The con-
tour intensity levels vary from 2 to 10. For a nearly random
grain-orientation distribution, the intensities usually show
minor variations from 1 to 3.*?! Due to mainly the cooling
rate and heat-flow conduction direction, as discussed in Sec-
tions IV-B and C, there are texture variations in different
positions. The exact intensities for the three major texture
components do show minor variations, but usually the inten-
sities are higher for the FZ top region (suggesting more mature
development of the preferred orientation).

Systematic EBSD examinations on the three alloys subject
to three different electron-beam welding speeds have reached
the conclusion that the cooling rate would impose the greatest
influence on the texture. The texture difference due to FZ
location (top to bottom region), welding speed (16 to 35 mm/s),
and alloy composition (AZ31 to AZ91) can all be combined
and rationalized by mainly the cooling-rate factor. As discussed
in Section IV-B, the cooling-rate sequences are

Bottom > mid > top [2a]
35 mm/s > 20 mm/s > 16 mm/s [2b]
AZ31 > AZ61 > AZ91 [2¢]
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Fig. 10—EBSD (0001) pole figures constructed from the top FZ region in the AZ61 specimens EB welded at 1925 W and (a) 16 mm/s, (b) 20 mm/s, and
(c) 35 mm/s. (d) The variation of texture intensity as a function of welding speed.

Figure 9 has shown the effect from the FZ position, using
AZ61 as example. The effect from welding speed is com-
pared in Figure 10. With increasing weld speed (i.e., with
a higher cooling rate), all texture components became less
developed (weaker in intensity). Finally, the effect from alloy
content (mainly from Al content) on the texture was found
to be less pronounced, as shown in Figure 11.

2. The GTAW specimens

The texture in GTAW specimens was appreciably less intense
than that observed in the EBW specimens. Since the FZ in
GTAW specimens is wide and shallow, EBSD was done only
for the FZ center and fusion line on the top surface after grind-
ing. Typical pole figures are shown in Figures 12(a) and (b).
There are a number of weak texture components identified, such
as {1121}<0111>, {0110}<2113>, {0112}<0111>, and
{101 1}<1012>. The relative intensities for the main compo-
nents in these three alloys are compared in Figure 12(c). In the
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AZ61 and AZ91 alloys, due to the even lower cooling rate (Sec-
tion IV-B), other very minor texture components were traced,
such as {1010}<0001> and {1010}<1120>, making the pole
figures and ODFs rather complicated. Meanwhile, the texture
in the FZ center also appears to be more complicated than that
in the fusion line, since the cooling rate in the former is also
lower than that in the latter.

IV. DISCUSSION

A. On the Postweld Mechanical Properties

Overall, the weld efficiency in terms of both hardness and
UTS for the EBW and GTAW specimens is satisfactory. Due
to the effective grain refinement and minimum porosity or
hot cracking inside the FZ, welding not only did not degrade
the material properties, but it also strengthened the weld
piece with no loss of ductility. The average microhardness
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Fig. 11—EBSD (0001) pole figures constructed from the mid FZ region in the three Mg alloys EB welded at 1925 W and 35 mm/s: (a) AZ31, (b) AZ61,
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data (in units of H,) inside the FZ are plotted against the
grain-size term d~ " (in um~"?) in Figure 13(a). Although
scattering exists, the Hall-Petch relationship is followed. On
average, the microhardess can be expressed as

Hynzz1 =33 +95d "7 [3a]
Hyazer = 50 + 59477 [3b]
H,azo1 = 63 +38d ' [3c]

It can be said that the current high weld efficiency is pri-
marily a result of grain-size refinement in the rapidly solid-
ified FZ. Due to other factors related to microdefects and
elongations, which would more sensitively affect the UTS
than the hardness, it is difficult to define the increasing trend
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But, the yield-stress (YS) data (in units of megaPascals) fit
well with the Hall-Petch relationship, as plotted in Fig-
ure 13(b). The data can be expressed as

YS = 117 + 2604 [4a]
YS = 130 + 23147 [4b]
YS = 137 + 2054 ' [4c]

The K slope in the previous equation (205 to 260 MPa-
um'?) is in fair agreement with previously reported values of
210 MPa- um'?2* and 307 MPa- um"?232! for the Mg alloys.
Note that the YS and UTS data would also be affected by the
[ phase and the dissolved solute amounts, in addition to the
grain size; the former factors are not rigorously considered in
this study.
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B. Cooling-rate Evaluation

The cooling rate appears to strongly affect the weld
microstructure and texture. In estimating the cooling rate
during EBW and GTAW for the three alloys under differ-
ent weld speeds, it is necessary to consider the major heat-
flow directions. Since the thickness of the EBW specimen
(30 mm) is considerably higher than that of the GTAW speci-
men (3 mm), and the FZ penetration degree also varies from
43 pct (13 mm) to 93 pct (28 mm) for the EBW specimen
and from 41 pct (1.2 mm) to 46 pct (1.4 mm) for the GTAW
specimen, the actual heat flow might vary from the pure
two-dimensional (2-D) to pure three-dimensional (3-D) mod-
els, depending on the relative thickness in various speci-
mens. Using the simplified 2-D and 3-D models,?’2%%! the
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lower and upper bounds of the cooling rate (R) can be esti-
mated by the following equations:

_dar __2@K .,
3-D (lower bound): R = X V= e (T — Ty~ [5a]
ﬁ

h\? s
il 2aKpC, <H> (T — Ty)

[5b]

2-D (upper bound): R =

where X is the spatial distance, V is the weld speed, p is
the materials’ density, K is the thermal-conductivity coeffi-
cient for the solid, % is the specimen thickness, and H is
the heat input. Using the thermal parameters for the three
Mg-based alloys in Table VI, the lower and upper bounds
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Fig. 13—Variations of (a) microhardness and (b) yield stress of the three Mg alloys subject to EBW or GTAW as a function of the inverse square root of grain size.

Table VI. The Thermal Related Properties of the Pure Mg and Three Mg-Based Alloys

Thermal Heat Thermal Special heat
Density Conductivity Capacity Diffusion of Fusion Melting
Material (g/cm?) (W/m K) J/g K) (m?%/s) J/g) Range (°C)
Pure Mg 1.74 152.8 1.00 8.87 X 1073 368.4 650
AZ31 1.78 76.9 0.99 436 X 1073 339.1 575 to 630
AZ61 1.80 64.1 0.99 3.63 X 1077 354.5 530 to 610
AZ91 1.81 514 0.98 2.89 X 1073 370.0 470 to 595

of the cooling rate were determined for two temperatures,

one at 650 °C, near the melting temperature, and another at C. Texture Evolution in Top, Mid, and Bottom Positions

1000 °C, a temperature below the boiling point of 1107 °C The texture analysis of hexagonal crystals is a challenging
for pure Mg. The calculated results for the EBW and GTAW task due to their lower symmetry than the cubic crystals. Stud-
specimens are listed in Table VII. The cooling 2-D model ies on welding textures are very limited, especially on hexa-
for the major heat flows along the WD and TD might apply gonal crystals. From the microstructure observations, it is seen
better in the EBW specimens with deep FZs, whereas the that the grain structures in the EBW and GTAW fusion zones
3-D model is more feasible in the GTAW specimens. Cool- are basically equiaxed owing to the rapid cooling rate, and the
ing rates during gas tungsten are welding are typically of texture intensity is not as strong as that observed in the wrought
the order of 10' to 10 °C/s, lower than those during elec- materials after mechanical processing. Generally, it is accepted
tron-beam welding by 50 to 100 times. Nevertheless, due to that the crystallographic growth direction of close-packed
the continuous blowing of the Ar gas onto the back surface orientations would most possibly follow the heat-flow direc-
of the Mg sheet for protection during gas tungsten are weld- tion (or the direction along with the maximum temperature
ing, a certain degree of heat release by Ar gas is expected, gradient).”””) During the conventional casting of metals, solid-
especially for the back surface. ification usually commences by heterogeneous nucleation at
Combining the effects from alloy content and welding speed, the interface between the mold wall and liquid metal and results
the overall sequence for the cooling rate during electron-beam in the formation of grains with a wide range of crystallographic
welding is AZ31-35 > AZ61-35 > AZ91-35 > AZ31-20 > orientations; that is, a random texture develops in this inter-
AZ61-20 > AZ31-16 > AZ61-16 = AZ91-20 > AZ91-16 face regime.”?®! Expect for the solidification under controlled
. It can be seen from Table VII that the cooling rate at the heat-transfer conditions, subsequent solidification occurs by
high welding speed of 35 mm/s is around 2 times of that at dendritic growth along preferred crystallographic directions to
the lower welding speed of 16 mm/s. In comparison, the higher produce the characteristic columnar zone in casting."*”
cooling in AZ31 is around 1.5 times of that in AZ91, i.e., For the Mg-based alloys, the <1120> g-axis is the most
the welding-speed influence would override the Al-content close-packed direction. It is expected that the <1120>> texture
role. Furthermore, the cooling rate would increase with increas- may be related to the heat-flow direction. During the welding
ing distance from the top surface, where the heat was input. solidification process, the heat-flow directions are very complex,
Thus, the cooling-rate sequence with respect to the FZ location possibly along the TD, ND, WD, or a combination thereof.
would be bottom > mid > top region. The higher cooling Roughly speaking, the heat transfer should basically proceed
rate at the bottom region, or at the high welding speed, would, along a direction perpendicular to the fusion boundary. Due
in turn, result in a finer grain size. to the high FZ aspect ratio (6 to 10) in the EBW specimens,
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Table VII.

Calculated Cooling Rate (R) at the Fusion Line for the Three Mg Alloys at 650 °C and 1000 °C;

the 3-D and 2-D Models Were Considered to be the Lower and Upper Bounds of the Actual Cooling Rates
Experienced during EBW and GTAW

Material T, °C Welding Method Heat Input (J/mm) R (°C/s) 3-D (Lower Bound) R (°C/s) 2-D (Upper Bound)
AZ31 650 EBW 55 3.4 X 10° 1.5 x 10*
96 2.0 X 10° 9.5 X 10°
120 1.6 X 10° 8.5 X 103
AZ61 55 29 X 10° 1.1 x 10*
96 1.6 X 10° 8.2 X 10°
120 1.3 X 10° 7.5 X 10°
AZ91 55 23 X 10° 9.1 X 10°
96 1.3 X 10° 7.0 X 103
120 1.1 X 10° 6.5 X 10°
AZ31 650 GTAW 98 4.0 X 10" 2.0 X 10?
AZ61 98 3.1 X 10! 1.7 X 102
AZ91 98 2.3 X 10! 1.3 X 102
AZ31 1000 EBW 55 8.4 X 10° 3.3 X 10*
96 47 %X 10° 23 % 10*
120 3.8 X 10° 2.1 X 10*
AZ61 55 7.0 X 10° 2.7 X 10*
96 4.0 % 10° 2.0 X 10*
120 3.2 X 10° 1.8 X 10*
AZ91 55 5.6 X 10° 22 %X 10*
96 32 X 10° 1.5 X 10*
120 2.5 X 10° 1.2 x 10*
AZ31 1000 GTAW 98 1.5 X 10? 7.5 X 10?
AZ61 98 1.2 X 10? 6.3 X 102
AZ91 98 1.0 X 102 5.0 X 102

heat flow at the vertical central line should proceed toward
both the WD and TD directions for the entire top, mid, and
bottom regions. In the FZ bottom region, heat flow along the
ND (downward) should be more important (especially for those
with a lower FZ penetration ratio less than 70 pct); thus, heat
flows along both the ND and TD need to be considered together,
as depicted in Figure 14(a). With further solidification, the heat
flow in the FZ mid and top regions would mostly direct along
the WD and TD, with gradually decreasing contributions from
the ND heat flow, as shown in Figures 14(b) and (c).

Figure 15 illustrates the combined heat-flow vectors. If only
the heat flow along the TD is dominant, then the TD should be
parallel to the preferred growth or the close-packed direction
<1120>. This is actually the case for a type-A texture, where
TD // <1120> (Figure 15(a)). If the heat flows along the
ND and TD are both operating, the net vector (in between the
ND and TD, with an angle of « depending on the relative mag-
nitude of the ND and TD vectors) should be parallel to the pre-
ferred growth or close-packed direction <1120> (Figure 15(b)).
A type-B texture is consistent with this case, where the angle
between the ND and <1120> is ~15 deg. Finally, if the heat
flows along the WD and TD are both operating, the net vector
(in between the WD and TD) should be parallel to <1120>
(Figure 15(c)). This case is consistent with the type-C texture,
in which the angle between the WD and <1120> is ~30 deg.

Due to the complicated heat flows occurring during weld-
ing, as well as the minor variation of the local texture inten-
sities in different locations (even within the same top or bottom
region), it is difficult to describe the situation in a simplified
form. But, taking the relative texture intensities presented in
Figure 9 for the AZ61 EBW specimens as an example, there
are still two trends revealed. First, the texture intensities in
the FZ top region are usually higher, judging from Figure 9
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and many other pole figures for different welded specimens.
It is postulated to be a result of the longer solidification time
and, thus, more-mature texture development in this region
facing the incident electron beam. Second, in the bottom
region, the heat flow along the ND down ward becomes over-
whelming, leading the strongest type-B texture.

D. Texture Evolution in Different Alloys Subject
to Different Welding Speeds

With regard to the effects of welding speed and solute con-
tent (3 to 9 pct Al), it is found that the texture characteris-
tics and intensities are still governed mainly by the changes
in the heat flow. For example, with increasing welding speed
(as at 35 mm/s) or decreasing Al content (as in AZ31), the
cooling rate will increase, resulting in the weakening of three
texture components, as shown in Figures 10 and 11. This is
because the texture did not have enough time to fully develop.
In such cases, the direction and magnitude of heat flow would
impose a less significant effect on the texture.

Furthermore, there might be other factors involved. The
first is the effect of fusion line topography on the direc-
tions and magnitude of heat flow. Strezov and Herbertson'*!)
have shown that substrate topography strongly affects the
degree and direction of heat flow in the melt during solidi-
fication. It should be noted that the smooth fusion bound-
aries present in AZ31 (Figure 5(a)) or the zigzag fusion
boundaries in AZ61 and, especially, in AZ91 (Figure 5(b))
only reflect the different degree of subsequent melting back
to the base metal. It does not necessarily mean that the solidi-
fication front is also uneven. Thus, the zigzag fusion bound-
aries might not affect the heat flow at the vertical central
line where the current texture analyses were performed.
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Fig. 14—Schematic illustration of the transfer directions of heat flow in the (@) bottom, (b) mid, and (c¢) top region of the FZ in the EBW specimens.

Fig. 15—Schematic drawings showing the heat flow vectors operating for the three main texture components: (a) for the type A texture, TD // <1120>; (b) for

the type B texture, ND A <1120> ~15 deg; and (c) for the type C texture,

The second is related to the precipitation of the 3 phase
in AZ61 and, especially, in AZ91. The Zener effect imposed
by B on the grain boundaries would reduce grain growth
and coalescence during the later cooling stage from 400 °C
down to 250 °C, which would help in retaining the com-
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WD A <1120>~30 deg.

plicated and diverse texture forming during rapid solidifi-
cation. With more diverse textures, each texture compo-
nent would also become weaker. In other words, the texture
in AZ91 should be much stronger due to the lower cooling
rate, but ought to be weaker due to the presence of 3 par-
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ticles. The joint effects yield the less pronounced dependence
on the resulting texture.

Finally, the texture in GTAW specimens was also more
random and weaker, although the cooling rates calculated
in Table VII are lower than those for electron beam weld-
ing. This is mainly due to the much smaller fusion zone,
which is only ~3 mm in width and ~1.3 mm in depth.
The 3-D heat flows along all three directions—the WD, TD,
ND, and combinations thereof. Within such a shallow FZ
region would be simultaneously operating. The texture would
be highly diverse and complicated. Similar analyses using
the heat-flow arguments were also made for the four major
texture components, but they are much more complicated
and appear less significant than the findings from the EBW
specimens.

V. SUMMARY

1. Electron-beam welding on the AZ-series Mg alloys can
result in a sound FZ with an unusually narrow and deep
nature, an aspect ratio up to 10, and almost no porosity
and hot cracking. The high FZ depth of ~50 mm is well
above those achieved in common Fe- and Al-based
alloys.

2. The FZ grains are nearly equiaxed in shape and ~8 um
or less in size due to the rapid cooling rate.

3. The as-welded FZ microhardness and tensile strength are
higher than the base metals due to the smaller grain size.
The weld efficiency is around 110 to 125 pct for the EBW
specimens and 97 to 110 pct for the GTAW specimens;
both are satisfactory.

4. There are three main texture components present in the
EBW FZ, i.e.,{1011}<<1012> (with TD // <1120>), {1121}
<1100> (with ND A <1120>~ 15 deg), and {1010}
<1122> (with WD A <1120> ~ 30 deg). Attempts have
been made to relate the texture to the heat-flow directions
along the TD, ND, WD, or combination thereof.

5. The texture in GTAW specimens is more diverse and
complicated than that in the EBW counterparts, due to
the limited and shallow FZ and the lower cooling rate.

6. The cooling rates were estimated using the 3-D (lower-
bound) and 2-D (upper-bound) heat-transfer models for
the EBW and GTAW welds. The 2-D model might apply
for the narrow and deep EBW fusion zones, and the 3-D
one fits better for the broad and shallow GTAW welds.
The cooling rate increases with decreasing Al content,
increasing weld speed, and increasing distance from the
weld top surface. The high cooling rate is considered to
be the cause for the fine and equiaxed grains and the
diverse textures in the fusion zone.

7. The characteristics of the oriented grain distributions
inside the EBW FZ can be traced according to the direc-
tion and magnitude of the heat-flow vectors. The main
weld texture characteristics are significantly influenced
by the heat flow, i.e., the crystal growth tends to align
toward <1120> (the most closed-packed direction) in
the hexagonal Mg-based alloys.

8. Overall, electron-beam welding is demonstrated to be a
promising means of welding delicate, thick Mg plates,
bars, or tubes, while gas tungsten arc welding is limited
to lower-end thin Mg sheets.
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