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Abstract

In-stu Time Resolved X-Ray Diffraction (TRXRD) experiments were performed during
dationary gas tungsten arc (GTA) welding of AISI 1045 C-Mn stedl. These synchrotron-based
experiments tracked, in red time, phase transformations in the hegt- affected zore of the weld under
rapid heating and cooling conditions. The diffraction patterns were recorded at 100 msintervals, and
were later andlyzed using diffraction pegk profile andyss to determine the relative fraction of ferrite (a)
and augtenite (g) phases in each diffraction pattern. L attice parameters and diffraction peak widths
were aso measured throughout the heating and cooling cycle of the weld, providing additiond
information about the phases that were formed. The experimentd results were coupled with athermo-
flud weld modd to cdculate the weld temperatures, dlowing time-temperature transformation kinetics
of thea® g phase transformation to be evaluated. During heating, complete augtenitization was
observed in the hegt affected zone of the weld and the kinetics of the a® g phase transformation were
modeled using a Johnson-Mehl-Avrami (IMA) approach. The results from the 1045 sted weld were
compared to those of a 1005 low carbon stedl from a previous study. Differencesin augtenitization
rates of the two steds were attributed to differences in the base metal microstructures, particularly the
relaive amounts of pearlite and the extent of the dlotriomorphic ferrite phase. During weld cooling, the
augtenite transformed to a mixture of bainite and martensite. In Situ diffraction was able to distinguish
between these two non+equilibrium phases based on differencesin their lattice parameters and their
trandformation rates, resulting in the first red time x-ray diffraction observations of bainite and martensite
formation made during welding.
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Introduction

Transformations between the body centered cubic (bec) form of iron (a -ferrite) and the face
centered cubic (fcc) form of iron (g-augtenite) are principaly respongble for the microstructure and
properties of stedds. These transformations have been studied in great detail for many decades to
establish optimum thermal-mechanical processing treatments for awide variety of steds[1-3].

However when stedls are welded, the optimized base metal properties are dtered by the localized weld
thermd cycles. Thereault isthe crestion of non-equilibrium microgructures in the weld fusion zone (FZ)
and heat affected zone (HAZ). These microgtructures are sgnificantly different in both appearance and
properties than those found in the base meta [4-6]. Such non+equilibrium phases can compromise the
integrity of the weld joint, and it isimportant to understand the welding conditions that lead to their
creation.

Of particular interest was the influence of carbon content on the phase transformations, since the
carbon content of the sted plays an important role in the microstructura evolution of theweld. Asthe
carbon content increases, welding induced changes in the microgtructure become more pronounced due
to the non-uniform digtribution of carbon in the microgtructure. Repid weld cooling further intensifies
these effects, resulting in microgtructures that are far from equilibrium. The mechaniams for these
trandformations are well known [4-6], however few direct observations of the transformation sequence
have been reported.

Previous investigations of low-carbon sted containing 0.05 wt% C served as a basdine for the
experiments on the medium-carbon 1045 steel presented here. The earlier work on low-carbon stedl
was performed in-Stu using synchrotron radiation under both spatialy resolved [7, 8] and time resolved
experimenta conditions[9]. Kinetic parameters were determined, dlowing the prediction of thea? g
trandformation during weld heating of the low-carbon steel to be made [8]. In thisinvestigation, a
medium carbon steel containing 0.46 wt% C was rgpidly heated and cooled during stationary arc
welding. During welding, synchrotron radiation was also used to track the phase transformations that
occurred in the HAZ of the weld. These experiments produced a series of x-ray diffraction patterns
revealing the redl time crysta structure of theweld. Results of these observations showed complete
audenitization of the initia microstructure during rapid weld hesting, and subsequent transformations
during rapid weld cooling. Quantitative information about the phase transformation kinetics was
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extracted from this data through thermd and phase transformation modding. These results were
compared to those of the low carbon stedl to better understand the influence of carbon content on
phase transformations that occur during the welding of sted!.

Differences in the phase transformation behavior of the low and medium carbon steels were
goparent. During heeting, the kinetics of thea ? g transformation showed thet the 1045 sted initialy
transformed at a higher rate than the 1005 stedl but then dowed down, eventudly requiring more time to
transform than the 1005 stedl.  This difference was associated with differencesin the sarting
microgtructures of the two steds. During cooling, the high rates produced during the stationary arc spot
welding technique used in the TRXRD experiments proved to be rapid enough to produce a
combination of bainite (non-lamdlar ferrite plus Fe&;C) and martengite (interdtitia carbon) in the
microstructure of the 1045 sted, but these phases were not observed in Smilar experiments on the low
carbon stedls.

The results presented here demondtrate not only differences in the phase transformation
behavior between low and medium carbon stedls, but so how in Stu x-ray diffraction can be used to
provide red time observations of important phase transformations during the welding of stedls.

Experimental Procedures
TRXRD Experiments

Gastungsten arc (GTA) welds were made on AlSl 1045 stedl cylindrical forged bar samples
(0.46 C, 0.85Mn, 0.27 Si, 0.02 Ni, 0.11 Cr, 0.014 P, 0.01 Cu, 0.02 S, 0.027 Al, 0.001 Nb, 0.01
Mo, 0.005 V; by wt. percent). These samples were machined from 10.8 cm diameter forged bar stock
into welding samples, 12.7 cm long and 10.2 cm diameter. Welds were then made on the cylindrical
ged barsin an environmentally sealed chamber to avoid atmaospheric contamination of theweld. A
schemdtic illudration of the experimentd setup is shown in Fg. 1, and a brief summary of the welding
parameters used hereisgiven in Table 1. Further details of smilar welding experiments have been
previoudy reported for titanium and titanium aloys[10-11], other steels[12] and stainless sted aloys
[13, 14].

Thein-gtu TRXRD experiments were performed during welding using the 31-pole wiggler
beam line, BL 10-2 at SSRL with SPEAR (Stanford Positron-Electron Accumulation Ring) operating a
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an dectron energy of 3.0 GeV and an injection current of ~100 mA. Asillugtrated in Fig. 1, afocused
monochromatic synchrotron x-ray beam was passed through a 540 mm tungsten pinhole to render a
sub-millimeter beam on the sample a an incident angle of ~25°. This setup yielded a beam flux on the
sample of ~10™ photong's, which was determined experimentally using an ion chamber immediately
downgtream from the pinhole. A photon energy of 12.0 keV (I = 0.1033 nm) was chosen to facilitate
phase identification and to be far enough in energy above the Fe K-edge (7.112 keV) to minimize the
background contribution due to Fe K-fluorescence from the sted sample.

X-ray diffraction patterns were recorded using a 50 mm long 2048 element position senditive S
photodiode array detector. The array was mounted on a dua-stage water cooled Peltier effect
thermoelectric cooler at a distance of gpproximately 10 cm behind the weld to cover a 2q range from
22° to 52°. This 2q range was optimized to contain atota of six diffraction peaks, three from the bec
phase (a-Fe) and three from the fcc phase (g-Fe). Cdibration of the x-ray diffraction patterns was
performed using a thin niobium foil, which hasawell characterized bcc crysta structure.

Analyss of each peak of the diffraction patterns was performed to determine the semi-
quantitative volume fractions of ferrite and austenite present in each diffraction pattern. Thisandyss
measured the integrated intensity of each pesk in each diffraction pattern usng asum of one or more
Gaussan pesk profilefitting functions[14]. The areaand FWHM vaues of the fitted pesks were then
determined using an automated curve-fitting routine developed in Igor Pro®, Version 4.0. Theraw
integrated intengties of the diffraction pesks were then converted into phase fractions by dividing the
integrated peak areafor the bee phase by the total integrated areas of the bec and foc phases. The
fraction of the fcc phase was then determined as the difference between unity and the bec fraction since
only two phases were observed in this system.

Phase Equilibria and Base Metal Microstructure

The phase transformation sequence in the 1045 steel was calculated from thermodynamic
relationships using Thermocalc and the Fe2000 database [15]. These calculations were used to
determine the transformation temperatures for the A1S 1045 sted by considering the effects of Fe, C,
S, Mn, Ni and Cr on the liquid, ferrite, austenite, and cementite phase fields. The calculated phase-
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boundary temperatures for this multi-component dloy are illustrated in the pseudo-binary diagram
shown in Fg. 2. Inthisfigure, the vertica dashed line indicates the nomina carbon content of the dloy.

The thermodynamic caculaions indicate that the equilibrium starting microstructure of thisaloy
will consst of amixture of ferrite and Fe;C carbide phases. During heating, this microstructure will
begin to transform to austenite whenthe A1 temperature of 712°C isreached. Complete transformation
to austenite will occur when the A3 temperature of 765°C is reached, and this austenite would remain
gtable until melting begins to occur a 1410°C. These transformations will be reversed during cooling,
however, kinetic limitations may dter the predicted phase transformation start and completion
temperatures, and may produce non-equilibrium phases

The starting microstructure of the 1045 sted is shown in Fig. 3a as revealed by polishing the
base medl and etching in a2% nitd (nitric acid and acohol) solution. This microstructure contains
dlotriomorphic ferrite, which is the light etching phase that outlines the prior austenite grain boundaries.
Insde the prior austenite grains, the microstructure consists of pearlitic colonies, which etch dark and
occupy the mgority of the microgructure. A higher magnification micrograph showing the lamdlar
sructure of the pearlite is shown in Fig. 3b. Quantitative metallography was performed on this
microgtructure using Image Pro®, Ver. 4.1. Measurements of the area fraction of alotriomorphic ferrite
made at severd |ocationsindicate that the microgtructure contains 12% dlotriomorphic ferrite, and 88%
peerlite. The base metal grain size was measured to be 92.8 mm in diameter. In addition, the Sze of the
dlotriomorphic grain boundary ferrite phase was shown to be 15 mm to 20 nm wide on average, with

some patches reaching 30 mm or more in places.

Coupled Thermal-Fluids Numerical Modeling of Weld Temperatures

The TRXRD experimenta results provide information about phase transformations as afunction
of weld time, but do not directly provide information about weld temperatures. In order to relate weld
time to weld temperature, a numerical mode was used since transent weld temperatures are difficult to
measure accurately. The weld modd employed hereisawdl tested 3D numerica hest trandfer and
fluid flow model as described in detall in reference [16].  The cdculations are made in afixed
Cartesan coordinate system and take into account the el ectromagnetic, surface tenson gradient and
buoyancy driving forces present in the transent weld pool convection[16 It should be noted that a

common practice in the calculation of weld temperatures for linear welding isto use aconstant arc
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efficiency to represent the amount of arc energy which trangfers into the workpiece. Thisis areasonable
assumption since the temperature field attains quas steedy State soon after the start of welding. In
contrast, for spot welding, temperatures change continuously and it takes severa seconds for thearc to
gabilize. Inview of lack of dataon arc efficiency in the literature, a variable arc efficiency, which
increasss linearly from 0 to 75% in the first 3 seconds, is used to take into account the arc ingtabilities.

The thermo-physica properties used to represent the 1045 sted dloy in the caculations are
givenin Table 2 [17]. Since the 1045 sted contains 0.02 wt% sulfur, the effect of sulfur on changing the
surfacetensonisadso included. In addition, at the weld top surface, the heet loss due to the heium
shielding gasis congdered by usng Newton's law of cooling with an gppropriate heet transfer
coefficient, as described in a previous paper [18].

For computational accuracy, the numerica moded used avery fine grid system conssting of
108" 54" 59 grid points, and the corresponding computationa domain was had dimensions of 140 mm
long, 70 mm wide and 50 mm degp. Spatialy non-uniform grids were used for maximum resolution of
the variables. Finer grids were used near the heat source where the temperature gradients are the
highest. The minimum grid spacing dong the x and z directions were about 20 nm and 5 nm,
regpectively. Small time steps of 0.01s were further required to track the weld pool size and shape
under the high heeting and cooling rates produced under the trangent welding conditions [16].

The cross sectiond shape of the calculated weld poal at its maximum size matched the
experimental weld cross section having awidth just under 10 mm and a maximum depth of 4.2 mm.
Using the results from the weld modd, the temperature distributions, heating rates, and cooling rates
were caculated as a function of welding time a the TRXRD location.

Results

The TRXRD experiments were performed on the 1045 sted bar during welding to record in-
gtu diffraction patterns.  The diffraction patterns were taken over a sufficient amount of time o that the
entire heating and cooling cycle of the weld could be captured. Thisdatais summarized in Fig. 4, where
the diffraction patterns are displayed in a pseudo-color format. In thisfigure, the basdine diffraction
datais shown for severa seconds before the arc was turned on, for 17s during the time when the arc

was on, and for an additiona 20s of cooling time. Here, the higher pesk intengty isindicated by the
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lighter tones, and lower peak intendties are indicated by dark tones, so that the diffraction pesaks appear
as streaks dong the time axis at their gppropriate 2q locations over the range of times. Six diffraction
peaks appear in Fig. 4. From low to high 2q values these peaks correspond to the fcc(111), bee(110),
fcc(200), bee(200), fec(220) and bee(211), as indicated by the caculated diffraction pattern shown in
Fig. 5.

Observation of the TRXRD results shows that only three peaks are present beforethe arcis
initiated, and that dl three peaks correspond to the bee phase. After the arc is turned on, these three
peaks rapidly shift to lower 2q vaues due to the lattice expansion effect caused by weld heating. With
continued hegting, three new peaks, corresponding to the fcc phase, appear. All sSix peaks coexisted
for severd seconds before the bee pesks began to fade in intensity, leaving only the fee diffraction
peeks. Thefcc pesks are then stable until the arc is extinguished at t=17s, after which the fcc peaks
rapidly shift to higher 2q values due to the lattice contraction effect asthe weld cools. After an
additiond 1.5 s of cooling time, the bcc peaks begin to regppear and increase in intendty as the weld
coals.

In the data presented in Fig. 4, thereis awedlth of information about the phasesthat exist &t all
times during the welding cyde. In addition, they contain information about the lattice parameters of each
phase and how they change with welding time plus other information such as the width, intengity, and
areas of each of the diffraction peaks during the welding cycle. These additiond data can be
determined through individua peek profile analyss to semi-quantitatively estimate the volume fraction of
each phase during welding and provide other clues about the phase transformations taking place during
weding.

The most important data gathered from the peak profile andysisisthe rdative fraction of the
bcc and fec phases present throughout both the hegting and cooling cycles. Thisdatais plotted in Fig.
6, showing that the dloy starts out fully ferritic, then at t=3.6s the ferrite begins to transform to augtenite.
The trandformation takes 3.6 seconds to go to completion under the increasing temperature of the
welding arc. The augtenite phase is stable until the arc is turned off at t=17.0s, and then continues to be
the only phase for an additiona 1.5s while the weld beginsto cool. The bee phase then appears at
t=18.5s, and continues to increase in amount asthe fcc? bec transformation proceeds. At the end of
the experiment, the tranformation gppearsincomplete leaving some untransformed fcc at this point
during weld coaling.
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The lattice parameters of each phase can be determined from the 2q positions of the diffraction
peeks using Bragg' s law and the energy of the x-ray beam [19]. The results are plotted in Fig. 7,
showing the lattice parameters of the bec and fce phases as afunction of welding time. The lattice
parameter of the bee phase at room temperature was measured to be 2.901A, and increases rapidly to
2.925 A during the initial heating cycle of theweld. The austenite phese first appears a t=3.4s, when
the ferrite lattice parameter was measured to be 2.923 A. The lattice parameter of the fec phase
increases with welding time until the arc was turned off, then decreases rapidly during weld cooling. The
bee phase reappears during weld cooling at t=18.5s where it has a lattice parameter of 2.914 A. The
| attice parameter of the bee phase then decreases until t=20.8s where it unexpectedly increases from
2.906A to 2.908A before continuing to decrease again as the weld continues to cool.

The width of the diffraction peaksis plotted in Fig. 8 for the bcc and fec phases. Both phases
show smilar trends during welding, whereby the pesk widths decrease during heating and increase
during cooling. The results show that the width of the bec 110 pesak is 0.14° in the starting condition
and decreases to 0.04° just before it disappears at t=7.2 s. When the austenite peaks first appesar, at
t=3.4s, the peak widths are about twice as wide as they are just before the arc is extinguished. The
decrease in peak width with increasing temperature is caused by annedling, which creastes more perfect
diffraction conditions a higher temperatures. This phenomena has been observed in smilar TRXRD
experiments on other materids systems[11, 14]. Oncethe arc is extinguished, the rapid weld cooling
causes the widths of the peaksto increase. The results show that the bee peak widths increase more
during cooling than they decreased during heating, suggesting that the rapid weld cooling has led to the
cregtion of a different bee phase after welding than before.

Discussion
a® g phase transformation on heating

The TRXRD results presented above provide information about the relative fractions of the bcc
and fcc phases, ther |attice parameters, and the widith of their diffraction pesks as afunction of weld
heeting and cooling time. Included in these reaults isinformation related to the kinetics and types of
phase trangformations occurring in the HAZ during welding. Modeling of the experimentaly measured
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transformation rates will be used to better understand the mechanisms behind each transformation and
to develop parameters useful in the prediction of phase transformations.

It is known that the transformation of ferrite and cementite present in the pearlitic microstructure
of stedsto augtenite during heating is controlled by carbon diffuson in augtenite [20]. Inthe
experiments performed here, transformation of the microstructure during heating was shown to occur
rgpidly dueto the high heating rate of the weld. Assuming the trandformation is controlled by the
diffuson of carbon in austenite [8], the kinetics of this transformation can be modeled by the Johnson-
Mehl-Avrami (IMA) method [4, 21]. This gpproach has been used in asimilar st of experimentson a
typicd low carbon AISl 1005 C-Mn sted.[8] Udng the avallable data, a set of parameters can be
developed for use in predicting the extent of the phase transformation at different weld hegting rates.

The IMA approach is represented by the following expresson [21]:

fo(0) = 1- exp{- (k)") )
where {(t) is the extent of the transformation a a given timet, n is the IMA exponent, and k is a rate

consantgivenas
Q
k=k - 2
o &Xp( RT) (2

wherekq is apre-exponentiad congtant, Q is the activation energy of the transformation including the
driving forces for both nuclestion and growth, R isthe gas congtant, and T is the absolute temperature.
By knowing the time-temperature profile of the weld, the three IMA parameters can be used to
calculate the transformation rate.

Although the activation energy of phase transformations occurring under isotherma conditionsis
often known, the overdl activation energy under non-isothermd welding conditions, in which nuclestion
and growth are operating Smultaneoudly, is rardly known. The addition of the nuclegtion stage
complicates the cal culations because nuclegtion is both temperature and rate dependent and is
influenced by the starting microstructure [4, 21]. Thus, a unigue activetion energy for the overal
transformation is not dways possible to determine. However, if agiven transformation has alarge
growth component, it may be trested as a growth controlled mechanism, and the activation energy for
growth provides a reasonable Sarting assumption.

The results of the therma modd are shown in Fig. 9, which plots the caculated weld
temperature versus weld time at locations 4.75, 5.0 and 5.5 mm from the weld center. The 5.0 mm
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location isin theweld HAZ and corresponds to the position of the x-ray beam during the TRXRD
experiment. Superimposed on this plot are the A1 and A3 temperatures and three symbols. The open
circle and triangle represent the times when the start and finish of the transformation to austenite on
heating, respectively, are observed. The open square represents the first observation of the bee phase
on cooling. Itisclear that superheating above the A3 temperature is required to completethea? g
transformation on heeting, and that sgnificant undercooling is required below the A1 temperature to
intistetheg? a trandformation.

Using the cdculated time-temperature profile of the weld, equations 1 and 2 were discretized
and numericaly integrated over the heeting portion of theweld. This procedure was previousy
developed to cdculate the degree of transformation in the two-phase field between the A1 and A3
temperatures of a 1005 C-Mn gted [8]. In these calculaions, the TRXRD datawere fit usng the MA
parameters (n, ko, and Q), by sdecting one of the IMA parameters and cal culating the remaining two
usng anumerica optimization routine [8]. The equilibrium start and completion temperatures for the
a® gtrandformation used in the calculation are 712°C and 765°C, respectively, as determined by
ThermoCac®. The equilibrium fraction of gin the a +g two phase region was determined from the
phase diagram as a function of temperature.

The best fit IMA parameters were then calculated from the TRXRD experimenta data. An activation
energy for the diffuson of carbon in austenite was assumed to represent thea ? g transformation. With
avaue of Q=117.1 k¥mole [8], anumericd fitting routine was used to determine the minimum error
between the IMA fitting cal culations and the experimentaly determined austenite fraction as afunction
of In (ko) and n. The error (Es;) between the two is defined by equation 3:

Ey = a (1 ) ®
where N isthe total number of measured data points, and ™ and f° are the measured and cd culated
g fractions a thei-th data point, respectively. A total of 37 TRXRD data points were used in the
caculation, and the optimization results are plotted in Fig. 10, showing that the optima IMA vaues are
n=0.82and In (ko) = 12.3. Fig. 11 compares the ca culated and measured fraction austenite versus
time. The corrdation is excdlent, showing that the IMA best fit to the experimenta results adequately

represents the data throughout the entire transformation range.
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It should be noted that the above JIMA kinetic parameters were cal culated using the computed
temperature versustime dataat R = 5.0 mm. Thereis good agreement between the TRXRD
observations of thefirst formation of austenite and the calculated Al temperature at this location
Although the distance from a monitoring location to the weld center is exact in the numerical caculation,
there are certain errorsin the spatial accuracy of the experimentd TRXRD data. For the present
TRXRD experiments, the uncertainty in the monitoring location of the beam is about £0.25 mm. As
shown in Fg. 11, the calculated temperatures for this uncertainty of £0.25 mm in the monitoring location
resultsin an uncertainty of £70 K in the computed temperatures. Thisin turn contributes to uncertainties
in the transformation kinetics.

To determine how much the temperature uncertainties affect the kinetic results, the optimization
procedure described previoudy was used to caculate the IMA kinetic parameters for each of the three
thermd cyclesshown in Fig. 9. Table 3 summarizes these results, showing thet the correlation for all
three therma cyclesis reasonable. Due to the uncertainty in the monitoring location, the uncertaintiesin
the values of n and In (ko) were calculated to be about £0.2 and £1.0, respectively. Due to the lack of
kinetic datain the literature, the caculated IMA kinetic parameters cannot be further verified, and the
lack of available data emphasizes the need for additiond quantitative investigations on this topic.

A smilar set of IMA parameters was developed in an earlier study for 1005 stedl that contained
alower carbon content of only 0.05wt% [8]. The JMA kinetic parameters determined for the 1005
sted were n = 1.45 and In (ko) = 12.2, for an assumed activation energy (Q) of 117.1 k¥mole. The
JMA parameters determined for the 1005 stedl were then used to compare transformation rates
between 1005 steel and 1045 steel. To do this, the IMA parameters for the 1005 steel were used to
predict the fraction austenite for the same time-temperature profile calculated for the 1045 stedl weld in
thisinvestigation. The results are superimposed on the 1045 sted resultsin Fig. 11, where the dashed
line represents the predicted transformation for 1005 stedl, and the solid line for the 1045 stedl. Even
though the two curves start and finish at gpproximeately the same times, there are some differences. For
example, the transformation rate of the 1045 sted isinitidly somewhat higher than that of the 1005 sted,
but dows down to values less than that of the 1005 stedl. At gpproximately 5.5 s after the arc was
initiated, the totad fraction transformed in each sted is gpproximatdy the same (0.75). The higher
transformation rate of the 1005 sted at this point dlows it to complete the transformation to austenite
goproximately 1s sooner than that of the 1045 sted!.
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There are severd possble reasons for the differences in the transformation rates for the two
deds. Fird, the different carbon contents of the two steds resulted in different Starting microstructures.
The principa microstructurd difference is the amount of pearlitein each. In the 1005 stedl which
contained less than 10% pearlite, smdl pearlite colonies were isolated along the ferrite grain boundaries.
In the 1045 sted which contained 88% peerlite, the pearlite occupied the mgority of the microstructure,
leaving areatively smdl amount of dlotriomorphic ferrite a the prior austenite grain boundaries. The
second microgtructural difference between the two steds was the sarting grain Sze. Both steds
contained equiaxed grains, however, the grain size of the 1045 sted was 92.8 mm, which ismore than
four timeslarger than that of the 1005 sted which had abase metal grain sze of only 21.5 mm.

The differences in sarting grain size and amount of pearlite between the 1005 and 1045 stedls
lead to different transformation rates between the two stedls. Since the austenite nuclestion rete is
higher in pearlite than in ferrite, due to its fine digperson of cementite in the lamellar pearlitic Sructure,
one would expect that the 1045 stedl, which has the higher fraction of pearlite, would transform to
augtenite more quickly than the 1005 stedl. However, the 1045 sted transforms more rapidly only
during the early stages of the transformation, up to an augtenite fraction of gpproximately 0.75. Thus,
other factors are coming in to play that reduce the overdl transformation rate of the 1045 sted relative
to that of the 1005 sted as the transformation continues.

The other sgnificant difference between the two stedls was the sarting grain size, which isfour
timeslarger for the 1045 sted than for thel005 stedl. 1t is known that the transformation rate of
diffuson controlled reactions will decrease asthe grain Sze gets larger [4, 21] because diffusionis
required to take place over larger distances to complete the transformation in the larger grain Szed
materids. In the 1045 sted, the large amount of pearlite helps to offset the grain Sze difference by
providing numerous nudlegtion Stes within the pearlite. However, the large grain Sze of the
dlotriomorphic ferrite regionsin the 1045 sted has an indirect effect on the transformation rate. These
large ferrite regions should be the last portion of the 1045 stedl microsiructure to transform, and as such,
will control the total amount of time required to completely augtenitize the microgtructure. Since the
alotriomorphic patchesin the 1045 sted exceeded 30nm in places, one might expect that the tota time
required to transform the 1045 sted would be longer than that of the 1005 steel which had an average

grain 9ze of 21.5nm.
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Therefore, the IMA kinetic analysis of the TRXRD data adequately describesthea? ¢
transformation kinetics of the 1045 sted, providing a quantitative means for predicting austenite
formation in the HAZ of smilar carbon content sted welds. Comparisons betweenthea? g
transformation kinetics of the 1045 stedl and 1005 stedl illustrated how the carbon content affects the
transformation rate through its affect on the sarting microstructure of the base metal. Additiona work is
planned to look at even higher carbon sted welds to further these observations.

g® a phase transformation on cooling

The cooling transformations in stee can be more complicated than the heating transformeations
because of the potentid formation of non-equilibrium phases a high cooling rates. It isdready known
that diffusion dependant transformations, such as the formation of pearlite, alamedlar microstructure of
dternating ferrite and cementite phases, occur at low cooling rates[3]. Asthe cooling rate increases,
diffuson of carbon may not be rapid enough to alow the lamélar pearlite microstructure to form. Shear-
type transformations thus begin to dominate at these higher cooling rates. For example, bainite, which is
characterized by amicrostructure of mixed ferrite and cementite with non-lameller features, forms
through a combination of diffuson and shear a intermediate cooling rates[3]. Martengite, on the other
hand, forms entirely by a shear mechanism and only at high cooling rates, producing a microstructure
containing lath or plate-like characterigtics with the carbon trapped in interdtitial Stes of the crystd lattice
[3].

The formation of bainite and martengite cannot be described by equilibrium phase diagram
presented in Fig. 2., Since these transformations occur under nonequilibrium conditions. However, one
can use cdculated continuous cooling transformation (CCT) diagrams to provide information about
microstructurd evolution during continuous coaling. In thiswork, we used the modd developed by
Bhadeshia et d [22, 23], to predict the continuous cooling transformation diagram for the AlSI 1045
stedl, see Fig. 12. The diagram was congructed from time-temperature-transformation (TTT) data
cdculated from paraequilibrium thermodynamics of audtenite to ferrite transformation by assuming
additivity rule[24]. The CCT diagram was overlaid with three different cooling curves, one predicted
by the heeat transfer and numericd model from Fg. ,9 and two other linear cooling rates of 10 °C/s and
60°C/s from a peak temperature of 1124°C. The plots show that a minimum cooling rate of 10°C/sis

needed to avoid the formation of ferrite + pearlite microstructure. Moreover, amaximum cooling rate
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of 60°C/sis needed to avoid the formation of martensite. The bainite sart temperature for this stedl is
predicted to be 485°C, and martendite start temperature is predicted to be 324°C. Both temperatures
are far below the equilibrium Al temperature. The predicted cooling rate by the heat transfer modd is
higher than 60°C/s and therefore a predominantly martengitic microstructure is expected in the fina
microstructure.

Fig. 13 shows the results of TRXRD experiments on cooling for the two most prominent
diffraction peaks, the fcc(111) and the bee(110). As soon as the arc is extinguished, the foc(111) pesk
rapidly shiftsto higher 2q due to the lattice contraction effect. At t=18.6s, the bcc(110) pesk first
appears and has ardaively narrow pesk width. This pesk shifts to higher 2q as the weld continues to
cool and increases in intengity. At t=20.8s, the bee(110) peak shows an sudden increase in width, and
there is a corresponding change in the fcc(111). The wider bec(110) pesk exists throughout the
remander of the wed, increasing in intengity as the weld continues to cool, and shifting to dightly higher
2q vaues.

The sudden increase in the bec(110) peak width at low temperatures was not observed in
amilar experiments performed on alow carbon AISI 1005 stedl.[7-9]. Theincrease in pesk width is
caused by drain in the lattice, i.e. the oppodte of the anneding affect, and/or changes in the composition
or crystd structure. The formation of martensite would explain the rapid broadening of the diffraction
peaks, sinceits formation would trgp carbon in the bee lattice. Thiswould both strain the lattice and
cregte changes in the lattice parameter through the formation of abody centered tetragond (bct) crystal
gructure. The strain induced by the martensite would also explain smilar changes in the broadening of
the austenite peaks that occurred at the same time.

In order to determineif the martenditic transformation is responsible for the pesk broadening is,
the area fractions of the fcc(111) and bec(110) peaks were measured from the TRXRD data to
determine the transformation rate during weld cooling. These results are plotted versus weld time during
cooling in Fig. 14. Thefraction of the bce phasesis given by the solid circlesin this plot, which shows
that the first bce phase appears at t=18. Theinitid rate of increase in the bee phase isrdatively dow,
reaching approximately 15% transformed at t=20.8s. At thistime, the bcc pesksrapidly increasein
width, leading to a corresponding increase in the transformation rate. Thisincressein rate is more than
2 times higher than that measured up to this point, indicating that there is a change in the transformation

mechanism. Such an increase in the transformation rate would not be expected at lower temperatures
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during weld cooling unless a different kinetic path is taken. The trandformation continues as the
temperature decreases, achieving approximately 60% transformed at t=24s.

A martengtic transformation would explain the change in transformation mechanism at these low
temperatures, whereby the transformation from augtenite hat initiated by a bainitic mechanism switched
to amartensitic mechanism &t low temperatures. It isimportant to note that the CCT diagram of Fig.
12, did not predict the initid formation of bainite. However, bainite formation is possble if therewas a
non-uniform digtribution of carbon in the augtenite prior to the transformation.  This non-uniform
distribution of carbon would be possible if the weld HAZ was not completely homogenized during the
rapid weld heating and cooling cycle.

Further indications of the martengitic portion of the cooling transformation are provided by
changesin the peak widths and lattice parameters. The widening of the peak width, as described
above, is consgtent with a martengtic transformation, due to its stressed lattice and bet crystal structure
[3]. Inaddition, anincrease in the lattice parameter of the bec phase would be consstent with the
formation of bct martensite. Fig. 14 aso plots the measured | attice parameter as a function of welding
time, and superimposes these data on the fraction bee versus weld time plot. A decrease in the lattice
parameter for the bce phase is observed during the initid stages of transformation leading up to the
change in mechaniam a t=20.8s. This behavior would be expected if theinitid stage of transformation
was occurring by ether the formation of bainite snce its lattice parameter would decrease as the weld
cools. At t=20.8s, when the transformation rate increases, there is an increase in the lattice parameter
from 2.906 t0 2908 A. Thisincreasein lattice parameter is quditatively consistent with the formation
of martensite and provides further evidence that the transformation initiating at t=20.8s is martengtic.

The temperatures a which these transformations occur aso give indications about the
mechanisms governing the observed transformations. Fig. 9 shows that the first bee phase appeared at
t=18 s, and that martengteinitiated at t=20.8 s. Using the ca culated temperature profile, the martensite
initiated at atemperature of 280°C. Thistemperature iswell below the Al temperature, and is dightly
lower than the martensite start temperature of 323°C predicted by the CCT diagram. Thus, this
temperature is quaitatively congstent with the formation of martensite.

The temperature where the first bee phase appeared on cooling at t= 18 swas calculated to be
526°C, whichisaso well below the A1 temperature of thissted. At thistemperature, the cooling rate
of the weld was calculated to be 178°C, which isfast enough to avoid the formation of pearlite. The
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cdculated CCT diagram shown in Fig. 12 indicates that the nose of the bainite initiation curve occurs a
approximately 550°C, which matches well with the TRXRD reaults of 526°C, and provides further
evidence that the transformation from austenite to ferrite initiated by a bainitic mechanism.
Microgtructura observations of the weld HAZ indicate that the final microstructure does indeed
contain amixture of baininte and martensite phases.  Fig. 15 shows the microstructure of the HAZ at
the location where the TRXRD data were obtained. In this microgtructure, the prior austenite grain
boundariesin the weld HAZ are much smdler than those in the origina base metd as aresult of the
numerous nucleation Sites provided within the origina pearlite microstructure. No pearliteis present,
and grain boundary ferriteisminima. The bainitic portions of the microstructure appear as the darker
etching patches of the microstructure localized at the prior austenite grain boundaries. Within the grains,
the microgructure is highly refined, and is characterigtic of lath martengite that forms during rapid cooling
of medium carbon stedls [3]. Therefore, the TRXRD results were able to distinguish between
martensgite and bainite phases based on their transformation rates, lattice parameters and temperatures
wherethey initiated. Additiona experiments are planned on higher carbon stedls where the amount of
martensite formed will be greater, and where the effects of carbon on the microstructure will be even

more apparent.

Conclusions

1. TRXRD experiments were performed in the HAZ of AlS 1045 sted during Stationary arc
welding. These experimenta observations provided red timein-gtu diffraction patterns of the
phase transformations occurring during rapid weld hesting and rapid weld cooling.

2. Diffraction pesk profile andyss was used to determine the rdative fraction of bec and fcc
phases during the welding cycle, as well asthe lattice parameters and diffraction peak widths for
each of the phases during the entire weld cycle.
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. A 3D trandent numerica weld model was used to predict weld temperatures as afunction of
weld time and location. The mode caculated the evolution of the FZ velocity fields and
temperatures, and was validated by comparing the predicted and experimentally measured
geometry of the FZ.

. The TRXRD results and the weld temperatures were used to model the kinetics of the

a? gphase transformation during weld hesting of the 1045 sted using a Johnson-Mehl Avrami
andyss. Theresultsyielded kinetic parameters for the IMA prediction of the transformation of
n= 0.82 and In(ko)=12.3 for an activation energy of Q=117.1 k¥mole.

. The IMA reaultsof thea ? g phase transformation of the 1045 stedl measured here were
compared with previoudy caculated IMA parameters for alow carbon 1005 stedl. Differences
between the two stedls showed that the initid transformation rate of the 1045 steel is more rapid
than that of 1005 sted, but that the transformation rate of the 1045 stedd dows down, eventudly
requiring more time than the 1005 stedl to complete the transformation to austenite.

. Thetransformation rates of both steels gppear to be controlled by the diffusion of carbon, and
were influenced by the relaive fraction of pearlite in the Sarting microstructure and the sarting
grain Sze of the sed. The higher fraction of pearlite in the microstructure of the 1045 stedl
resulted initsinitid high transformation rate, but its larger grain Sze, combined with its large
patches of dlotriomorphic ferrite, resulted in its longer tota transformation time.

. During rapid weld cooling, the austenite that formed in the HAZ of the 1045 sted was shown to
back transform to ferrite with sgnificant undercooling below the A1 temperature. This
transformation initiated as a bee phase with ardatively narrow diffraction peak width at 526°C,
which was shown to be the result of a bainite transformation mechanism.

. During continued cooling, the transformation rate suddenly increased two fold, and the bcc
diffraction peak width and lattice parameters increased dramatically at atemperature of 280°C.
These effects were aitributed to the formation of martensite at 280°C, which completed the
transformetion.

. These TRXRD experiments represent the first-red time diffraction observations of the formation
of bainite and martendite during the welding of sedls.
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Tables

Tablel: Summary of GTA weding parameters used in the TRXRD experiments.

Weding Hectrode W-2% Th
Electrode Diameter (mm) 4.7
Torch Polarity DCEN
Maximum Current (A) 175
Background Current (A) 131
Pulsing Frequency (H2) 300
Peak On Time (%) 50
Shidding Gas Hdium
Arc on time (sec) 17
Resulting Fusion Zone Width (mm) 9.9+ 0.66

Table2: Summary of the thermophysica datafor 1045 sted used in the coupled thermd fluids modd to

predict weld temperatures.

Physical Property Vdue
Liquidus Temperature, T,, (K) 1768
Solidus temperature, Ts, (K) 1713
Densty of liquid metd, r , (kg/nt) 7.7 x10°
Effective viscosty of liquid, m (kg/m-s) 0.16
Effective thermd conductivity of liquid, k., (W/m-K) 335
Therma conductivity of solid, ks, (W/m-K) 36.4
Spexific heat of solid, Cps, (Jkg-K) 586
Specific heeat of liquid, Cpy, (Jkg-K) 746
Temperature coefficient of surface tension, dg/dT, (N/m-K) -4.3x10"*
Cosfficient of thermal expansion, (K™) 1.51x10°
Convective heat transfer coefficient top surface (W/nt-K) 1.59x10°
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Table 3: Summary of IMA modeling results on 1045 stedl, and comparison with previous data on 1005
ded. The activation energy for the diffusion of carbon in austenite was held congtant, and the
JMA parameters n and In(ko) were calculated from TRXRD experimenta datain dl cases.

The average error (Eayg) isdefined as +/E,, / N, and the bold faced values correspond to the
recommended parameters for the two stedls.

Q (k¥mole) n In(ko) Eavg

AlSl 1045 Sted with thermd cycle 117.1 0.95 114 0.049
aR=475mm

AlS 1045 Sted with therma cycle 117.1 0.82 12.2 0.052
aR=50mm

AlS 1045 Sted with thermal cyde 117.1 0.60 134 0.075
aR=525mm

AIlSl 1005 Sted with thermd cycle 117.1 1.45 12.3 0.099
aR=50mm

page 22




Welding
Torch

Tungsten .
Focused Monochromator Pinhole Diffracted
Synchrotron Beams
Beam

N\

_| Sub-mm Beam
\

lon
Chamber

Draft 5: February 16, 2004

Photodiode
Array Detector

Cylindrical Sample

Figure 1. Schematic diagram of the TRXRD experimenta setup for synchrotron-based in-stu

obsarvations of phase transformations during welding.
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Figure 2: Cdculated pseudobinary phase diagram for the Al1S 1045 sted. The nomind carbon

concentration of the aloy isindicated asthe vertical dashed line.
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Figure 3a: Base meta microgtructure showing dlotrimorphic ferrite outlining the prior austenite grains
and pearlite coloniesingde the grains.

Figure 3b. High magnification optica micrograph showing the lamdlar microgtructure typicd of the
pearlite colonies within the grains.
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Figure 4: TRXRD results showing the changes in the diffraction pesk locations as a function of welding
time. Six peaks are present, three from each phase.
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Figure 5: Cdculated diffraction pattern, showing the 6 possble pesks in the detector window, assuming
equa amounts of the fcc and bee phases.
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Figure 7: TRXRD measurements of the lattice parameter of the bec and fec phases as a function of
welding time.
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Figure 8: TRXRD measurements of the diffraction peak width of the bec and fec phases as a function of
welding time.
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Figure 9: Cdculated weld temperature at the x-ray beam location, 5.0mm, and two adjacent locations.
The open circle and triangle represent the times where the TRXRD measurements observed
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the gtart and finish of the transformation to austenite on heeting, while the open square
represents the first observation of the bec phase on cooling.
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Figure 10: Error (Es;) contour plot showing the optima n and In (ko) vaues for the 1045 stedd TRXRD
data at the X=5.0 mm location. An activation energy of Q=117.1 k¥mole was assumed,
and the solid circle represents the optima vaues of the IMA parametersn = 0.82 ad In

(k0) =12.3.
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Figure 11: Kinetics of the ferrite to austenite transformation on weld heating. The TRXRD datafor the
1045 geds are given by the solid circles and solid best-fit line, are compared to the IMA
parameters for 1005 stedl (dashed line) from a previous study.
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Figure 12: Cdculated continuous cooling transformation diagram for the AISI 1045 ged. The three
curves correspond to the minimum cooling rate needed to avoid peerlite formation (10°C/s),
the maximum rate needed to avoid martensite formation (60°C/s), and the cooling rate for

the TRXRD weld.
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Figure 13: TRXRD results showing the fce(111) and bec(110) diffraction pesks during weld cooling.
The martengite transformation resultsin argpid increase in diffraction pesk width for the bcc

phase.
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Figure 14: Fraction and lattice parameter of the bce phase as afunction of weld cooling time. The
trangtion from bainite to martensite occurs at t=20.8 s, showing an increase in transformation
rate and an increase in the bcc lattice parameter.
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Hgure 15: Photomicrograph in the HAZ at the location where the TRXRD data was taken, showing a
bainitic/martengtic post-weld microstructure,
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