
h 

UCRL-JC-120345 
PREPRINT 

An Experimental Method for Investigating 
Phase Transformations in the Heat Affected Zone of Welds 

Using Synchrotron Radiation 

J.W. Elmer 
Joe Wong 
M. Froba 

P.A. Waide 
E.M. Larson 

This paper was prepared for submittal to the 
4th Internationd Conference on Trends in Welding Research 

Gadinburg, Tennessee 
June 5-8,1995 

May 26,1995 

-. 
Thisisa preprint of a paperintended for publicationin a journal orproceedings. Since 
changes may be made before publication, this preprint is made available with the 
understanding that it will not be cited or reproduced without the permission of the 
author. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



An Experimental Method for Investigating 
Phase Transformations in the Heat Affected Zone of Welds 

Using Synchrotron Radiation 
- :  . '  . ' 

bY 
J. W. Elmer, Joe Wong, M. Frijba, P. A. Waide, and E. M. Larson 

Abstract 

Although weldin is an established __chnology used in 
many industrial settings, it is least understood in terms of 
the phases that actually exist, the variation of their spatial 
disposition with time, and the rate of transformation from 
one phase to another at various thermal coordinates in the 
vicini@ of the weld. With the availability of high flux and, 
more r e a d y ,  high brightness sq'nchrotmn x-radiation 
sources, a number of diffraction and spectroscopic methods 
have been developed for st~~cturai chamcterization with 
improved spatial and temporal resolutions to enable in-situ 
measurements of phases under extreme temperature, pressure 
and other processing conditions not readily accessible with 
conventional sources. This paper describes the application 
of sprially resohedx-ray diffraction (SRXW) for in-situ 
investigations of phase txansfonnations in the heat affected 
zom (HAZ) of fusion welds. Results are presented for gas 
tungsten ax (GTA) welds in commercially pure titanium 
thaf show the existence of the high temperature bcc pphase 
in a 3.3 f 0.3 mm wide HA2 band adjacent to the liquid 
weld pool. Phase com;entmtion profiles derived from the 
SRXRD data further show the coexistence of both the low 
temperature llcp a-phase d the b h a s e  in the partiail? 
trarsformed region of the HAZ. These results represent the 
first direct observations of solid state phase transformations 
and mapping of phase boundaries in fusion welds. SRXRD 
experiments of this type are needed as experimental input 
for modeling of kinetics of phase transformations and 
micro- evolution under the highly non-isothermal 
conditions produced during welding. 

STEEP THERMAL, GRADIENTS are created during 
fusion welding as the weld zone is rapidly heated to 
temperatures above its melting point and cooled back down 
to ambient. During this rapid thermal cycling two distinct 
m i c r o s t m d  regions form in the welded material: the 
fusion zone (FZ) where melting, solidification, and solid 
state phase transformations take place, and the HAZ,  where 
only phase transformations in the solid state take place. 

schematically illustrated in Fig. 1 which shows one-half of 
This evoiution of HA2 microstructures is 

the top view of an i d d i  weld, assuming mirror 
symmetry of heat flow for the welding direction The 
phase boundaries shown in this figure illustrate the 
allotropic mformation in pure titanium where the low 
temperature a-phase transforms to the high temperature j.3- 
phase before melting occurs. The m i c m s t r u ~  history of 
the FZ is a++liquid+P+a, while the micromura l  
history of the HA2 is a+p+a. The a+ phase 
transformation begins to occur at the a-f3 isothexm, but 
only after an incubation time for nucleation of the high 
temperature phase. Kinetics delay the completion of the a- 
p transformation to higher temperatures on heating and 
lower temperatures on cooling. Rmedependent nwieation 
and growth of the ephase from the a-phase results in an 
incomplete transformation to P in a portion of the HAZ, 
leaving residual a in a partially transformed HA2 
microsmcture during welding. Regions outside of the 
a+p isotherm do not reach the transformation temperature 
and would not be expected to form any new phases, 
although annealing phenomena may occur at these 
temperatws. 
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Fig. 1 : Schematic view of one-half of the top d a c e  of a weld 
showing the locations of the fusion mne and heat 
affected zone for a material undergoing an a to /3 
solid state phase transformation. 

Experimental observations of the HA2 phase 
transformations at temperature are difficult to obtain due to 
the rapid thermal cycle imposed on the material, the hi& 
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pmpemtwzsto whichthe material is heated, the small 
xegion over which the transformations take place, and 

time studies of phase 
>q?l proximity of an intense welding fieat source. Chmntly 
h e  ae only a handful of in-situ, 
tmnsfonnations ami chemical dynamics mostly carried out 
inhigh temperatme d o n  systems involving solid 
cormbustion [I+. In weIding p m s e s  in which steep 
thmal gradients exist in the material no direct method 
exists for investigating solid state phase transformations 
that take place. For example, conventionai methods for 
sturfyinggenemlphasetransformationbehzrviorsuchas 
calotirxletry [5], dilatometry [6], resistivity, Jominy end 
quench testing [7] and Gleeble testing [8,9] axe all indirect. 
Tfieseteshniques measure the response ofthe sample 
(changes in length, resistivity, heat capacity or hardness) to 
the imposed thermal cycle, and do not in any way determine 
thephsses that are pmentduingthe test. Furthemre, 
these methods only provide p k  transformation data for 

. low hating and cooling rates on the order of 1 'Us, which 
i s m u c ~ ~ e s s t h a n ~ ~ ~ a r c w e ~ ~ ~ ~ ~ ~ t o  1 0 3 ~ u ~ ) a n d  
l a s e r d  electronbeamwelds (102to 104 WS). 

The development of in situ methods for observing 
phase t r a n s f o d o n  behavior during welding would great?\ 
enhance our empirical understanding of the materials joining 
pmccss and provide the necessarq- experimental verification 
of various numerical weld models. In this investigation we 
mnt SRXRD as a d i e  method for monitoring the 
phases pnzsent during welding in order to track the time- 
t e m p e m  his tor^ of welding-induced phase 
tmnsfonnations, and we demonstrate the feasibility of using 
SRXRD to investigate the allotropic transformation in the 
HA2 of commercially pure titanium. 

' 

Experimental Procedures 

Materials. Grade 4 commercially pure titanium was 
purchased in 11.4 cm diameter bar stock and machined to 
10 cm diameter with a uniform 3.2 pm surface finish prior 
to welding. Chemical analysis of the titanium was 
performed using combustion analysis for 0, C, N, and H, 
and inductively coupled plasma analysis for the remaining 
elements. The results showed the composition to be 0.28% 
Fe, 0.38% 0,0.054% Al, 0.019% Cr, 0.012% C, 
0.0019??&, O.O05%N, 0.014% Ni, 0.01% V, 0.01% Si 
(weight %). Metallographic analysis of the as received 
titanium base metal indicated the presence of a-li grains 
with an aspect ratio of approximately 1.5 : 1 and an average 

~ graindiameter of approximately 75 p.m. X-ray powder 
diffradion analysis of the as received titanium was 
per€omed using a labomtory x-ray dif€mctometer and Cu 
Ka radiation These results indicated characteristic hcp a- 
ll withonly small traces of other phases in the as received 
material. 

In pure titanium, two phase transitions occur the a-p 
phase transformation in the solid state at 882'C and melting 
at 1668'C [lo]. In Grade 4 titanium these same two 
transitions OCCUT, but the a-p transition temperature is 
alw by the presence of oxygen and other impurities [IO 1. 
The ttansitiontemperature was measured to be 920'C using 
a vitreous silica push rod dilatometer on the Grade 4 

titanium bar stock The dilatomety was performed by an 
outside vendor using a nitrogen atmosphere, at a heating 
mte of 0.028 'Us, and over a 25 to 950'C temperam 

spatially Resolved x-Ray Diffraction. Figure 2 
illustrates the SRXRD setup. The sq-nchromnbeam 
emerged from a focusing mirror (not shown) passed through 
a 1 mm entrance slit (a) and was monochromatized with a 
double Si(l11) crystal (b) at 8.5 keV (A = 1.4585 A). The 
beamthenpassedthrougha fixed aperture (c) placedat25 
cm in front of the weld and defW by a Huber slit with 
four independent Ta knife edges to produce a desired beam 
size (d) on the sample at an ixident angle of -25'. The 
diffracted beams (g) were collected using a 
thexmoelectrically cooled 2048 element position sensitive 
pbtodiode amy detector Q to cover a 28 mnge of -28'. 
The detector with its associated STlOOO data collection 
software using an IBM compatible PC was manufactured by 
Princeton Instruments, and details of the detector and its 
capabilities have been described elsewhere [ll]. 

Fig. 2: Schematic of the SRXRD setup. The synchrotron 
beam (a) passes through a monochmmeter (b) and a 
fixed aperture (c) to create the energ and spatially 
resolved x-ray probe (d). A gas tungsten an: (e) 
creates a spiral weld on the surface of the rotating 
worlqiece (0, and the diffracted beams (g) are 
acollected with a photodiode detector (h). 

SRXRD exprimem were performed on the titanium 
during welding using s y n c h m n  radiation from the 3 1 - 
pole wiggler beam line 10-2 1121 at the Stanford 
Synchrotron Radiation labor at or^ (SSRL). The x-ray probe 
used here measured 0.25 x 0.50 mm, and for this probe 
size, integration times of IOdscan yielded over 40,000 
counts for the most intense reflection with a signal-to-noise 
( S M )  ratio of over 100. 

To spatially map the phases in the various regions of 
the HAZ, the welding assembly was integrally mounted to 
an x-y stage driven by stepper motors with 10 pm 
precision The path of the x-ray probe was chosen so that it 
was initially located in the d e c t e d  base metal at a fixed 
dktance from the centerline of the weld. The weld was then 
probed to collect x-ray d i f € d o n  patterns at equally spaced 
increments along a scan direction towards the centerline of 



the weld and thm@ the HAZ. Data was taken until the 
beam had reached apmktermineddistance h r n  the 
&atedine of the weld. 

Welding. Gas tungsten 81c welds Fig. 2e ) were made on 
; ?  

a rota!& bar of ti&um (Fig. 2f )h& &e. SRXRD 
experiments using a 150 A power supply welding unit with 
a 4.7 mm diameter W-2%Th electrode that was straight 
ground with a 60' taper. The power was maintained 
constant at 1.9 kW (100 A, 19 V) for all welds, and helium 
was used as the welding and trailing gas. The welds were 
made on the surface of a 100 mm diameterbar rotating at a 
constant speed of 0.26 rpm This rotational speed 
corresponds to a surface speed of 1.4 mm/s,  and resulted in 
a 12 to 13 mm wide fision zone. For the GTA weld 
moving at 1.4 d s ,  approximately 14 mm of the titanium 
surface passes beneaththe pmbe for eachd-on scan 
S i  optical metallogmphy showed the gmin size of the 
base metal to be on the order of 0.075 mm, a large number 
of grains are averaged into the final diffraction p r n  

HAZ Temperatures. In addition to gathering x-raj 
di&action data, the tempemure of the weld was measured 
using wide-band IR pyromehy operating in the 8 to 12 pm 
range (Inframetks, Inc. Model 600). In these experiments: 
the IR signal of the weld was recoded co-ntly with the 
SRXRD measurements with a field of view that covered the 
errtire weld pool and W. Catibxation of the IR madings 
was performed in-house using a series of thermocouples to 
measwe the temperature at discrete locations near the weld 
HAZ coincident with the IR readings. These measurements 
were then used to calculate the emissivity of the titanium as 
a function of temperature for the conversion of IR intensity 
to weld temperature. The temperature distribution in the 
HAZ was further modeled using a distributed heat source 
(DHS) approach [13,14]. This model has been used to 
calculate temperature-time profiles for points in the HA2 of 
GTA welds in titanium using an energy transfer efficienn; 
of 96% to match the actual weld pool size; the details of 
these calculations are ptesented elsewhere [ 15 J. 

Results 

Diffraction scans were initiated at a point x=-5 mm 
behind the heat .source and y'-11 mm away from the 
centerline of the weld Figure 3 shows schematically the 
path (along the y-axis) taken by the x-ray probe scanning 
sequentially fmm the base material and through the HAZ. 
A total of 24 diffraction patterns were taken along this path 
in steps of 0.33 mm. 

Figure 4 plots the temperam profde along the 
SRXRD path as caldatsd by the distributed heat s o m e  
model. The temperature profile predicts that the tacp phase 
should be stable up to approximately 8.67 mm from the 
weld centerline, bcc should appear in the 2.7 mm wide HAZ 
and in the 1 mm wide resolidified portion of the FZ behind 
the weld pool, while liquid should be present at distances 
closer than 5 mm fmm the centerline of the weld Point 
number 1 corresponds to the location of the initial SRXRD 
location 

X-ray diffraction scans at thS locations along this path 

show one of four typical patterns: kp,  bcc, combined 
hcp+kc, or featureless (liquid). The diffraction pattern of 
thehcpandbccphases indicatednon-randomgain 
orientations, Le. te- conditions. These diffraction 
patterns were used to i d e r n  the phases present in the weld 
and were aIso used for semiquantitative analysis of the 
phase concentrations present [ 151. 

. . . . . . . 
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Fig. 3: SRXRD data were taken at discrete points along a 
path from the base metal, through the HAZ and into 
the liquid weld pool (not drawn to scale). 

Locatknl d I n  
Y i  

Fig. 4: Calculated thermal profile across the HAZ and to the 
weld centerline at a location F-5 mm behind the 
fieatsom. 

In Fig. 5, a selected set of SRXRD patterns is plotted 
showing the critical phase changes along the path scanned 
by the synchrotron beam denoted by the arrow in fig. 3 at a 
Starting position of x=-5 mm, y=-1 1 mm. At the position 
y' -11  mm, the diffraction pattern was that of the hcp phase 



of the base li mate@ essentially at ambient ternpentwe. 
.Betweeny=-ll mmandy=-9.3mm,thehcppattern 
:@misted until at y - 9  mm, a shoulder appears on the low 
1 &e side ofthe h ~ p  (002) reflection indicative of lattice 

expausion of the base material with increasing temperatures. 
At this position, a discemible appearawe of the bcc (1 10) 
xeflection is also noted as shown in inset As the beam was 
scanneddeeperinto the HAZtowadsthe liquid pool, the 
bcc (110) reflection increased in intensity initially, then 
decmsed and persisted to y=-5.6 mm, beyond which only a 
weak k p  pattern remains. Thus, the region in which the 
bcc phase existed may be taken as a measm of the width of 
th: HAZ plus the resolidified zone, which along this 
particular path is about 3 3  mm f 0 3  mm. Also, it is clear 
that both a- and &phase coexist in the HAZ. Post-weld 
metallographic examinations of the HA2 conelated 
suaxssMly withthese results 1151. 

Quantitative d y s i s  of the relative fractions of co- 
existing phases in the H A Z  is required for time-temperawre- 
trandormation analysis of the kinetics of HAZ phase 
transformations. The present SRxRD system is capable of 
acquiring quantitative data for small gained materials that - m either mndomly oriented or that have an invariant texture 
on h surface of the bar. However, for large grained 
materials, or for materials with varying textures, the linear 
photodiode array may not cover enough of the diffraction 
space to provide accurate quantitative information about the 
phases present in the HAZ. For these material conditions, 
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Fig. 5: Sequential diffmction patterns taken across the HAZ 
of a GTA weld in titanium with an SRXRD spot size 
of 0.25 x 0.50 mm and a spacing between SRXRD 
locations of 0.33 mm. Although SRXRD data was 
recorded in the 28 range of 30-60 deg., the 26 range 
plotted here is more informative. 

a two-dimensioml areal detector, rather than a photodiode 
array, could be used to gather a statistically si@icant 
=@on of the dif€racted beam for quantitative d j s i s .  To 
investigate the use of an areal detector to measure the 
dif€racted beam intensity in te-d materials, we recentl? 
performed an experiment at SSRL using an imaging p h  
detector [Iq. 

Figure 6 shows the results of the imaging plate 
experiment where a 0.25 mm diameter 8.5 keV beam was 
used for dif€raction on a mom temperature titanium bar with 
a 10s integration time. The imaging plate measured 20 cm 
by 25 cm and was used to collect approximately 90: of the 
Debye-Schemr ring for a 28 range of 0 to 90’ . Tlie results 
show portions of the Debye-Schemr rings from the 
texhued hcpbase metal as arcs crossing the figure fromleft 
to right, The location of the incident beam appears as the 
dark spot nearthe bottom center of the image that is 
intersected by the vertical cursor line. The x-ray intensit:- is 
plotted on the left-hand side of the image corresponding to 
the intensity along the vertical cursor. In these preliminary 
experiments, no attempts were made at shielding the 
imaging plate from the high background radiation inside the 
x-ray hutch. This resulted in the low signal-to-noise ratio 
of the diffraction paaems. 

The imaging plate detector has an additional advantage 
in that multiple diffracton patterns can be acquired 
simultaneously using a Soller slit assembly and a line x-m) 
source [ 171. We plan to continue to investigate the use of 
imaging plates as an additional x-raj- measurement device 
for a more efficient row-by-row mapping of the HAZ rather 
than the presently used point+--point mapping method. 

’ - -  . .  

Fig. 6:  SRXRD diffraction patterns from hcp titanium at 
room temperature collected using an imaging plate. 
The diffraction pattern is plotted vertically on the 
left side of the figure. 
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Summary 
i h summary, we have developed a spatially-resolved x- 
ray diffractiontechnique using*hknse synchmtmn radiation 
and applied it successfully to map the phases present in the 
heat&& zone of fusion welds in-situ and in r e d  time. 
The results represent the first direct observation of solid 
state W o r n t i o n  and mapping of phase boundaries in 
W o n  welds under a steep thermal gradient and non- 
isothermal heating conditions. 

For the case of a 1.9 kW GTA weld in commerciall: 
pure Ti, the following findings from this study were 
obtained. (I) The width of the HA2 plus resolidified zone 
was found tobe 3 3  mm at a location 5 mm behind the 
center of the weld This zone exhibited diffraction patterns 
from the high tempemure bcc p-Ti phase. This width was 
confirmed by metallographic observation of the post weld 
micmstructure and comborated well with a scaled up heat 
flow calculation. (2) Sequential scanning of the beam 
through the HAZ revealed two sub-regions in the HAZ; (a) 
anouter region near the HAz/base metal boundary, which 
was only partially transformed during welding and consisted 
of a mixtureof bcc and hcpphases, and (b) aninner HAZ 
region closer to tke centerline of the weld consisting 
primailly of the trcC phase during welding. 

Future work is planned to investigate the use of 
imaging plates for mw-by-mw mapping of the HAZ and for 
the identification of phases in highly textuml and/or large 
grained materials. Additional analysis of the x-ray 
diffraction data is planned for in-si& determination of weld 
temperatms based on the observable lattice expansion 
effects on the position of the diffraction peaks. The results 
of these in-situ measmments will be used to help develop 
kinetic modeis of phase transformations that occur in the 
HAZ of welds. 
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