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Abstract
"[_e ultras_.nic s),,s.tem includes the hardware and software

In.process ultra..,._ni,c _'nsing of weldingallowsdetectio,nof weld necessaryto monitor thecondition of thesolidifiedwe)dmetalwhile
defects in re.al lime. A _o,ncontactinguRras_nic_y,s.temL_being recewingand sendinginformation to a weld controller about the
developedto operate in a production environment. "['heprincipal qualityof the solidified we_dbear3.
componentsarea pul_,d la.serfor ultra._oundgenerationand an
electromagnetic acottstic transducer (EMAT) for ultra.sound SENSOR HARDWARE
reception. A PC-based_ta _u_,i.tio)n s_,tem determin_ the

quality of the weld on a pa_.by,-pass 'basis. The lascr/E_,vr Pu_t _ &e,ut)d _t'k)a, A first step in devising a
D_tem interrogatesthe area in the weldvolume whered,efe,ctsare non,contacting technique for seining defect ger_eration in the
most likelyto occur. This areaof inter_t is identified trycomputer weldingprocess_ to developa methodfor generatingsoundwaves
calcul,atiol_son a pass-by..pass basis us.ingweld pta.nnJ.nginformation in the material. In this ,system, ultrasound is generated by a
pr_'i.ded by the off.line programmer. The absenceof a sigrml focu_d, 1 mm (0.039 in.) diameter laser spot from a p,utsed
above the threshold _e'velin the computer-calculated time interval Nd:YAG laser operating at 1064 n.m. "[he short duration, 11 ns,
indi_tes a disruptionof the so,uradpath t'rya defect. The ultrasonic laser pulse hasa peak inter_sityof l0'/W/cre 2 andgenerateshigh
seasors_tem then provid¢,,_an input signal to the weld controller frequency, b,r(_dband ultra.._und in the so,l_difiedweld metal by
about the defect condition, ablation. "lhe _,oundwavesarrive +ftthe top surface of the weld

sampte,where they are receivedby the EMAT, after reflectingor
mode converting at the bottom surfa,ce of the sample.

THE PURPOSE OF THE ULTRASONIC SENSOR m to detect For the PAWS demo_tration, the compact la,ser head is
defec,,.sm the solidified weld metal on a l._ss-_/.pas,s basks(1.4) for mounted on the weld head of a crawler. 'Tlae laser head ks533 x

a multipass,pulsedGMAW process.The sen.sotLsbeingdeveloped 178x 127 mm (21 x '7x 5 m.) and 7.7 kg (17 I_). The rugged
under the Programmable Automate0 We)di.ng System (PAWS) laserbead design provides o.p,tic_sealed from the environment, qb
project. The noncontacting _asor system (5) has two sen_)r assure safe operatio,n of the t+._r, the shutter and the high voltage
components, an ultrasound generattng source ar_d an ultra,._>und supply ore disabled by,either computer or mare,al control, qhe
detector, as well as a remo.tety located (..'ornputerdata a,cquis.ition _aser he,,._ ksconnected to the ta.ser t.,,c_er supply by an umbilical
m_d proce_mng unit. 'D_e sem_,r wil.l be demormtrated o,n thick that supplies power and coo.ling to the taser he:.,d, A focusing
section (31.8 to 41..3 mm, 1.25 to 1.62,5in,) weld samples, optics fixture that houses a 50.5.0 beamsplitter, optional neutral

The ultrasound ksgenerated by a short durat)on, 11 Ps, light det_,ity filters, and a 300 mm (11.8 in.) ftx:using leas ts mounted in
puLse from an Nd:YAG taser w_th an emt beam ix:)wer of front of the laser to form the 1 mm (0.039 in.) spo.t siz.e on the
56 rrd'/putsc. The 1 mm taser spot is delivered at a 20 Hz rate to solidified weld t'_'.ad.

the so,lidified top surface of the we_d several inches behind the EMA3' Rece_,er. The basic eom[x)nents of an EMAT are a
electrode using focusing op,ti_ mounted on the la.ser head (6,7). magnet, a cc)nducting pickup coil, and amplifying etectronics. 'The

The ult_ni, c detector is an EMAT and amDlifi.erdesigned EMAT _nso.r assembb, ts 105 x 68.6 x 157 mm (4.13 x 2.70 x
and fabricated for PAWS at the National Institute of Standards and 6.18 in.). The height includP._the cable to the a.._--_x:i,ated etectron-
Techn,o_og3,,in Boul,aer, Colorado (8). The permanent magnet i_. The cr,,erall length increases to 163.5 mm (6.44 in.) w_th the
EMAT generates a magnetic field in the weld _mp)e. The sound addition of wheels to facilitate the movement of the EMAT down

genera:cd by the ta.ser pulse interacts wath the magnetic field, the weld ._mple. Figure 1 shcr,),,sthe EMAT assembly with the
changing an as,.w,,ciatedelectr)cat field. This inter'a_aion Lsdetected wheel carriage attached. In Figure 2 the ta.,,,crand [:'.MAT are
by. a pickup coil, The s.ign,al_s then evaluated as an ultrasonic sh,:_'n mounted tc) the carriage of a sidebeam welder. In the
A sc._:m, dernonstrat)on system, the com['x3inents ,,),illbe mounted on the weid
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_:n.sor acquires and proces,s.es information from the EMAT and of a defect condition, such as incomplete penetration or porosity,
determines if the weld is of acceptable quality. Information at.x_ut the sound path of the detection ,.;ignalis disrupted, resulting in a
unacceptable weld is sent to the weld controller. The central decrease in signal amplitude or complete loss of the signal. A
prcxressing unit of the ultrasonic sensor is a full.featured 8(94.% confidence level evaluation ts made by.monitoring the amplitude of
based PC/AT compatible with a clock speed of _ MHz. The CPU the health signal in a time window that is not likely to be altered by
Lx._ardhas 4, megat'tyres of RAM memory, ota chip memory ca.che, unacceptable weld quality. The health signal provides a means of
math co-processor, small computer .s.s._temsinterface and flop_ determining that loxesof the detection signal is due to a defect
controllers, and keyboard and VG,,'-,,monitor ports. When the condition rather than to an equipment problem.
system is ptJwered tip, the watch.dog timer assures the successful In the detection approach used for the ultra_nic sensor, there
start or restart of the .system. The keyboard and monitor are are three preparatory steps before acquiring data dunng a weld
necessary during the system integration and debugging phases. For pass.. The system completes acknowledgment and calibration
the demonstration, the .system operates without the keyboard or .sequences. Data describing the next weld l'.)assgeometry are then
monitor, down loaded from the off.line programmer. These data are used

A read..onty solid state disk emulator and a read/write daughter by,the ray tracing program in the initialization sequence to calculate
board are used for storage of the operating system and data the position of the laser and EMAT needed to direct ,sound
acquisition and proce_ing software, and for temporary file storage through the critical fusion zone. Ray tracing also provides the
of calibration and initialization values. The solid state disk emulator arrival time and tangential displacement values of the signals of
is equipped with an onboard PROM programmer. Utility software interest for monitoring the weld pass. These times are used by the
is available to coW files and programs on to the solid state disk computer to set the time gates on the waveform analyzer. The
emulator via a !lopp), disk. displacement values are used to determine the expected wave

A watch-dog timer/communication port card is used to retxx3t amplitude of arriving signals when no defects are pre, ni in the
the sensor when the system crashes or hangs up due to an unex- weld. The presence and amplitude of signals in two time gates are
pected event. The watch.dog timer is equipped with a variable u_d to determine weld quality and confidence level.
timer tlaat is set tri, the sensor software. Before the end of each Ack.no_ledgment Sequ_ The tlow of data to and from the
peri_xl the sensor software sets a t:)itin the register of the card. controller is initiated when the controller i_ucs a request for the
However, if the bit is no: set before the end of the set pericx:l,the sensor system to check its system status. "llae sen_r system
card provides an automatic Ioa,..going Til. signal that ksused to responds with a status of acceptable or unacceptable. If the
reset the CPU using auto restart routines. A card is also provided response is unacceptable, or if no response is received, the control-
on the receiver and transmit lines to protect the computer from let" sets an error comlition for the sensor system. The sensor
high-level common mode voltage spikes, remains m an off-line status for the welding pass, requiring ,sensor

An RS..422 interface is used to communicate with the components to be placed in an idle position for that pass. Sensor
controller. If unacceptable weld is detected, the ultrasonic sen_r components are positioned to avoid encountering physicalobstacles,
system computer streams data packets about this condition to the and the laser remains disabled for the entire welding pass. If the
controller via the RS-422 interface. Throughout the welding sensor status is acceptable, the calibration routine follows.
operation, data packets are communicated over the interface CalibrafJoa Sequem::e. Two positions on a calibration block are
between the sensor and the controller, used for calibrating the system. The system interrogates weld of

A waveform analyzer board analyzes the incoming EMAT acceptable quality at Position 1 and of unacceptable quality due to
signals. The board isexternally triggered try a _vnchronization pulse incomplete penetration at Position 2. Communication between the
from the laser, The board, operating in the peak detection mode, controller and the sensor system directs and confirms _nsor
detects the presence of signals in two calculated time windov,_. The t'x_itioning on the calibration .sample.
presence or absence of the signals in the selected time windows The ,sensor system performs the calibration at Position I to
indicates the quality of the weld and the health of the sensor confirm that the system is operating correctly. The two predeter-
system, mined calibration time windows are set on the waveform analyzer

"Ihe laser exit beam is controlled by the computer to ensure by. the computer. These are time windows for the detection and
that the beam is only present when required for calibration and health signals used to determine the weld quality and sensor
data acquisition. The signals to open the shutter and enable the operati{_nal status. For both the calibration and weld pa_ sequenc.
high voltage creating tlae exit beam are sent to the laser from the es, Window 1 is the defect detection window and Window 2 is the

digital I/O board. The status of the enable and disable of the beam health of tlae system window. A third window is selected to
on the digital [/0 ty,.ard i_sunder the control of the ultrasonic determine the noise level Based on the values in this noise

._nsor system's CPU. The CPU card, back plane, and necessary window, the noise threshold is adjusted to the current level.
boards are housed in an industrial chassis in an environmental rack. Once the values are set for both time windows, an amplifica-

tion level is _lected ota the waveform analyzer board .so tlaat the
SENSOR SOFTWARE voltage from an acceptable weld is just below ,saturation. A signal

is _nt by the _n_r computer to the laser to o['x.'nthe shutter and

Defect Detection _ Ultrasound data are acquired enable the high vc_ltage in the lair power supply unit. The
and prcx:essed by the ultrasonic sen_r system to determine the computer verifies that the laser is enabled.
quality of the weld pass. The presence of good quality weld results When the w)ltage level is set, the system acquires calibration
in two signals being detected by the system. One signal, referred to data for Position 1, acceptable we:al. The acquired signal is
as the detection signal, indicates the quality of the weld. The evaluated to ensure that both time windows have a signal of the
second signal, referred to _ the health signal, indicates the expected amplitude, ba_d ota the prior calibration information.
c,_rational quahty of the ultrasonic sen_r system. In the presence T'he amplitude of the received detection signal is recorded and tlae



confidence le'vel is set. The noise level is also determined. A signal prepared to monitor the welding pass. The ultrasonic sensor alerts
from the sensor systen'] is sent to close the shutter and disable the the controller that initialization is complete and the sensor compo-
high voltage when the signals are acceptable. If the signals are not nents can _ moved to the weld start location. The controller
acceptable, an error message is sent to the controller for manual moves the sensor components to the starting l_:ation for the
intervez_tion to check the sensor components, welding pass and alerts the .sensor system when the sensor compo.

When Position I issuccessfully calibrated, data are acquired at nent.s ;,re correctly positioned for data acquisition. 'lqae controller
Positiot3,2, the location of a known defect. (The timing windows, sends a rnessage to indicate that the EMA'F is at the weld start
threshold level, a_adgain settings seiected on the waveform analyzer position, and another mes,s_agewhen the weld :e_ches the normal
board at Position 1 are unchanged for Position 2.) The acquired termination position. When the ultrasonic s.vstcm has monitored an
s_gnats are evaluated to ensure that the detection signal on entire welding sequence for filling the joint, the controller must
Window 1 ksbelow threshold and the health signal on Window 2 _s send the ultrasomc sensor an off-line command to clear the stored
acceptable. Once this determination is made, the la.ser beam is values in the disk calibrauon and initialization files prior to starting
disabled. The calibration values are sent to a disk file for use in the a new joint.
event of a reboot of the system. A command can al_ be issued by the controller when the

lni_ Sequ_. After calibration the ,sensor sTstem is welding pr_e_s is interrupted during a weld pass, e.g., to change a
ready to recewe information from the controller about the next consumable material durin_ a weld pass. When the controller
welding pass. The ultrasonic system alerts the controller that issues an emergenc.'y stop command, the sensor system disables the
calibration is complete. The controller computer then sends the laser during the emergency stop l:x_,ricxl. When welding is to
_ns,-3r system the data packets required for the ray tracing program resume, the controller sends a message to the sensor that welding
to calculate the location of the EMAT coil center and laser spot for is to start, _.mdthe sensor computer enables the laser beam.
the next weld pass. The packets passed to the sensor try. the The sensor system sends the controller a d:ata packet only
controller for initial_tion fall into three areas. The first packet when a defect is detected. Defect conditions are evident when the
.,:,ends information about the joint type. The joint types are detection signal is below threshold in Window 1 and ttae health
established in advance, so only an integer value is passed to indicate signal is present in Window 2. The defect data packet provides
tta the sensor which joint type is being evaluated. The second intbrmation on the defect type and confidence level of the defect
packet provides the fill strate_ to be followed and the weld pa_s call. Currently, the ultrasonic _nsor prcwides the controller with
number of the next pass. The final packet gwes information from information on a defect condition four times per second (4 Hz).
tlae off.line programmer about the next weld pass geornetry in the The sensor system can store the voltage of the detection signal
form of twenty, coordinate pairs for positions at selected intervals for system debugging. Thts information can be plotted against
over a cross section of the weld pass. distance along the weld centerline. Distance information is

Using the packet values, the region for inspection is estab- approximated using the expected travei speed; therefore, distance
lished, lt is the area where the next weld pass intersects the values can vary by up to 12.7 mm (0.5 in.). Figure 3 shows such a
sidewall or the adjacent bead of the pass being c-wered. This plot for the fourth weld pass on a 31.8 mm (1.L5 in.) V-grcx3ve
establishes one point through which the _',und must pass. The weld sample. The area of interest for detecting defects is the
other points that are known to the system are the coordinate pairs sIdewall between passes three and four.
on the next weld pass. These points are potential laser spot Based on the results of the calibration and initializ,'_tion
locations. The ray trace program iterates over these points with sequences, the threshold for acceptable weld is placed at 1.2 V.
rays that pass through the region of interest. Only rays that require Therefore, all voltage values atxwe 1.2 indicate acceptable weld.
a single reflection or mode conversion to reach the EMAT are The system threshold can be adjusted to incrca_ or decrease
considered. These ray paths are referred to as two.leg paths. The sensitivity depending on the requirements of the welding applic_-
two-leg paths are evaluated to determine if they reach the top lion. Three consecutive signals are required for the sensor to call
surface _f the weld s_mlple at an acceptable distance from the top an area acceptable or unacceptable; this avoids defect calls resulting
edge of the weld preparation (._>.12mm, 0.47 in.) and do not travel from minor surface variations or transient fluctu_Iions in the laser
a metal path that exceeds four times the part thicknes,s. A two-leg ix3wer.
ray that meet._, these requirements is a candidate ray lhr the The sample was radiographed to confirm the location of
detcction signal. The candidate ray w_th the greatest tangential incomplete sidewall penetration for sen_r system vzdidation. From
velocity component is selected as the detection ray. "]'he initializa- the r,'_diograph, areas of continuous incomplete penetration are
tion values of signal arrival time, tangential displacement, and located between 178 and 279 mm (7.3-11.0 in.) and at 318 mm
waveform analyzer board settings for the health, detection, and (12.5 in.). The ultra.,v:)nicsystem identified incomplete penetration
noise signal are written to disk for' use if the system m ret:xx3ted, in these areas as signal voltages are bek_v :he 1.2 V threshold (_e

If the initialization routine does not establish an acceptable ray Figure 3). q'nc sonar system detected other areas of intermittent
for defect detection for the next weld pass, the controller is .w,nt an incomplete _netration that were confirmed by the radiograph.
appropriate error code. The EMAT is designed to accept the Mild incornplcte penetration is present in the first 381 mm (15 in.)
tangential velocity component of shear waves, so it is not sensitive of weld. "[he only area of gc_d weld is from 381 mm (15 in.) to
to ray paths ending in longitudinal rays. On some lower passes, the end of the distance monitored..]"he sen_r system's ability to
or_lyray paths ending with a longitudinal ray reach the EMAT, so detect incomplete penetration was valid_ted for other selected
the sen,,x_rsystem is ,set off-line for those welding passes, pas,ses using the prtx:edures de_ribed a_:we. "l'hose tests con.

Weld Pass Defect Detection Seque_ace. C)nce the initializmion firmed the system's ability to detect incompletc penetration under
,sequence determines the optimum lcx_ations for the laser and GMAW conditions with travel speeds varying from 178 to 227
EMAT and the waveform analyzer is readied, the ,scn_r system is mm/rain (4-9 in.,'min).
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