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PREFACE

This report is one of a series of reports associated with the U. S.
Deparﬁnent of Transportation Urban Mass Transportation Admninistration's Cold

Weather Transit Technology Program.

The objective of the program is to develop new and more effective
solutions for cold weather problems experienced by urban mass transportation

systems.

This report presents the findings made as a result of the investigation
of MBTA's (Massachusetts Bay Transit Authority's) high incidence of running

rail pull aparts experienced during the winter of 1981-1982.

Appreciation is hereby expressed to TSC (Transportation Systems Center,
Cambridge, MA) for their invaluable support in coordinating this investigation
with.MBTA; to MBTA for their cooperation in the provision of rail pull apart
sanples, failure history and operational data; to Calorite and U. S. Thennit 
Companies for supplying personnel and materials for testing; and to all the
transit and railroad properties that participated in the investigative survey .

of the rail pull apért,prob]em.
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COLD WEATHER TRANSIT TECHNOLOGY PROGRAM

HISTORY AND DESCRIPTION

The expansion of and the need for urban mass tranﬁportation systéms
caused by the cumulative pressures of urban’congestion, auto pollution and-
energy shortages gohp]ed with annual winter weather occurrences emphasized by
the pré]onged heavy snow and cold periods of 1977-78 and 1978-79 have high-

lighted the operational prob]em§ of transit systems in cold weather.

To answer this need, the United States Congress authorized’the initiatidn
of the Cold Weather Transif Technology (CWTT) Program to develop néﬁ-and |
effective méthods for assuring the dependable operation of tranéit'systems in
severe cold, ice and snow. A sepafate comp1imentiﬁg stddy was a]so’author{zedlz--

to investigate the need for a National Cold Weather Transit Technology Research

Center.

The,CwTT Progfam is being implemented by the. U. S. Départment‘of Trans-

~ portation Urban Mass Transportation Adminisfratioh (UMTA) thfough‘a'grant to
the University of‘Notre,Dame with the Vought Corporation as the principal con-
'tractor. The progfam-thrust was initially directed to solutions for Automated-
' thdeway Transit (AGT) system cold weather problems in support of the}DoWntown
People. Mover (DPM) Program. However, curtailment of the DPM'pfdgram’in Noyem—
ber 1981 caused DOT/UMTA to redirect the focus of the_prograﬁ to obtain

solutions for co]dtweather'prob1ems of existing transit systems. This redirec-

tion was implemented under the program extension.

iiid



The results of the work accomplished by Notre Dame and Vought during the
initial CWTT grant are discussed in.detail in a series of UMTA reports. The
nine volumes which comprise this series of reports are as follows.

"REPORT NUMBER | TITLE

UMTA-iN-06-0009-82-1 Executive Summary

-2 Phys1cs of Ice and Snow at the Interface with
Transitway Surface

-3 Characteristféé of Ice and Snow at the Interface
with Transit Vehicle Surfaces -

-4  Advanced Countermeasures for Combatting Ice and
Snow Problems

-5  Transitway Design Concepts for Improving System
o Performance Under Cold Weather Conditions

-6 Planning for a National CWTT Research Center

. =7 Lightweight Transit Vehicle Tract1on Performance
on Ice and Snow

-8 Development of Trénsitway Countermeasures for
Combatting Ice and Snow Problems

UMTA-IN-06-0009-82-9 Development of Vehicle Countermeasures. for
Combatting Ice and Snow Problems.

The directed objective of the extended CWTT Program 1s-to provide near
 term solutions for problems of existing trgnsft systems operating in cold
weathef. ‘The tasks being implemented to accomplish this objective resulted
from a survey of the transit properties to.determine the nature and'extent of
their prob]ems. The identified tasks have been structured into basxc research

and engineering application categor1es.

iv



.The basic research tasks are being addressed by Notre Damevand'are_as :

follows:

(1) Development of an iceophobic third rail.

(2) Deve]opment of an ice and snow formation precursof sensor system.

(3) Improvement of the RF inductive heating concept through system
redesign to reduce size and increase eff1c1ency.

(4) Continued investigation of ice/substrate physics.

Vought is responsibie to Notre Dame for the deye]opment of the engineering'
.applications and their perfbrmance. These tasks are as fo]]bws:
(1) Evaluation of a pneumatic bus wheel housing deicer system.

(2) Design and evaluation of a rail transit vehicle traction motor
winterization system.

(3) 'Design and evaluation of improved third rail ageicing systéms.
(4) Evaluation of track sw1tch de1c1ng systems.
(5) Invest1gat1on of the rail heater reliability prob]ems.

(6) Investigation~oan rail pull apart problem.

' The results of these efforts will be published in a series of reports'.

__through UMTA. The ant1c1pated tota] 1ist of reports is given be]ow.‘
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COLD WEATHER TRANSIT TECHNOLOGY: PROGRAM
INVESTIGATION OF THE HIGH INCIDENCE OF RAIL PULL APARTS
ON CONTINUOUS WELDED RAIL

1.0  INTRODUCTION

| The Vought Cdrporation undertook as part of the CoidIWeathek Tfansit

Technology Program the task of conducting an engineering investigatibn fhto
the increased rate of rail pull apart failures onAcontinuoué wé]ded rail
experienced by the iMassachusetts Bay Transportation Authority (MBTA),during
the period from September 1Y81 to May 1962. The objectives of the
| investigation were to determine the probable cause for the 1n¢rea$ed failure

rate and to:fecommend corrective actions fo prevent recurrencé.

_ The investigation was conducted in three phases. The firét phase
inc1uded-sfte, literature and industry surveys to co]1ect berfinent data, Thé
second phase ﬁonsisted 6f a laboratory evaluation df.représentativé failure

-samples to,determine'the brobab]e cause of failure. In the third.phase, a
_;eriés of'tést wel ds wére made. The results were evaluated to cOnffrm the .
cohc]usions reached during the second phase and to define process and/br

operational 1imits required for corrective actions.



2.0 SITE, LITERATURE AND_TNDUSTRY SURVEYS

This sect1on of the report discusses the various data gather1ng surveys
‘performed as part of the 1nvest1gat1on
' 2.1 Site Survey |
o In1t1a1 visits were made to the MBTA' to co]]ect data and to observe
the1r shop and f1e1d we]d1ng practices dur1ng normal operat1ng cond1t1ons
'The data co]]ected is presented in Append1x A, and the resu]ts of the observed
we1d1ng operations are d1scussed in subsequent paragraphs.

B Table 2.1-1 &uriiarizes thé data relative to fracture 1ocat1on Sihce

.the requ1rement for deta11ed reporting was not 1n1t1ated until the increased

' fa11ure rate had become evident, the exact fracture location for-ear]y failures

- was not known except where the failed rail samples were still available.

D1scuss1ons with cognizant maintenance and eng1neer1ng personnel 1nd1cated that
:'the distribution of fracture Tocation for thé iinknown cases would be similar to:
the,distributiOn fof the known cases. For the purpose of study, this was
assumed to be the case. Since cohtinuoos1y welded rail was being employed only
on the system 1ines that use 115 pound/ya;d chrome rail, the fact that all but
one of the weld related failures occurred on this type of rail is understand-
able. The significant factor to note is that during.this reporting period,
more weld related failures (26) occurred than for all other factors combined
an. | | | e
Taole 2.1?2 summerizes the data relative to load magnitude and frequency.‘

- Several simplifying assumptions were‘made in order to prepare this table -
-first, that the trains always operated on schedule and with the'schedu1ed
number of carss second; that the weight offthe cars was always equal to the
average 0f>the maximum weight of a fully ioaded car and the weight of the

empty car; and third, that the load was eﬁoally distfibuted to each axle.

Based on these assumptions, a qualitative comparison can be made even though



the quantitative values themselves are not exact. Evaluation.of these data

did not reveal any obvious correlation between the failures and load frequency

or magnitude.

.Table 2.1-3 summarizes the data re]atite to the time in service prior to
failure. These data show that almost without exception, the weld related
faf]ures were oceyrring in the first year ot serivee whereas'thetnon-wer
related failures were not occurring»unti]tafter’five-orlﬁore years of Service,
From these data, tt is readi]y apparent that the increased rate‘must be
related in some manner with the weld quality or we1d1ng process used

.Discussions with the cognizant maintenance and engineering personnel
revealed that two s1gnif1cant changes had been recently 1ntroduced into the'
MBTA system. First, chrane rail was introduced for improved wear resistance,
and second, a new weld kit supplier was introduced for economic reasons.
.Without a. doubt, some of the weld failures were the result of the learning
. curve charactertstic that is associated with the introduction of ahy new

process. Likewise, sane of the non-weld failures had probably occurred prior

xto the reporting periqd but had‘gone unnoticed and/or unreported untif this
time period. V | |

In any case, based on the evaluation of the preceding data and‘the fact

that the MBTA was committed to the use of chrome rail and the thennite fie]d"

welding process, it was decided to concentrate the subsequent 1nvest1gat1on on

these parmneters



. RAIL
SIZE -

115 1b/yd.
85 1b/yd.
100 1b/yd.

TOTAL

"NOTES::

(])
(2)

(@)

(4)

TABLE 2.1-1"

SUMMARY OF MBTA RAIL PULL APART FAILURES REPORTED -
, BETWEEN SEPTEMBER 1981 AND MAY 1982

LOCATION OF FRACTURE

o NO. OF  BOLT CABLE = FIELD.  SHOP
MATERIAL(T)  FAILURES ~ HOLE BoND  WELD{3)  wELD(3)

Chrome (2) . 29 . ] 19(4) ' 6(4)
Control Cooled 25 5 4 1 -
Control Cooled 8 5 2 - -

62 10 7 20 ‘ 6

See Appendix A for material composition.

A1l but one of the 115 1b/yd. weld fa11ures identified 1nvo]ved a
chrome to chrane or a chrane to control cooled ra11 joint.

The failure was c]ass1f1ed as weld re]ated whenever the fracture.
occurred in the weld or the heat affected zZone.

Three weld related fa11ures did not identify whether they were
field or shop welds, so based on distribution of known cases, two

were added to the f1e1d weld column and one to the shop weld
column.

UNKNOWN



LINE

RED 1

ORANGE
BLUE

GREEN 1

NOTES:
B

O Ny O RWw N

TABLE 2.1-2

SUMMARY OF MBTA‘LOAD/FREQUENCY DATA
SEPTEMBER 1981 THROUGH MAY 1982

TRAINS © LOAD CYCLES TOT. NO.
PER PER AXLE oF WELD NON-WELD  TYPE
WEEK - WEEK LOAD LB. FAILURES  FAILURES FAILURES  UNKNOWI
1,684 21,952 22,109 BRE 4 4 3
842 10,976 23,306 7 4 1 2
842 10,976 19,614 o 0 0 0
1,046 4,184 - 12,323 18 - 17 0 1
924 12,432 20,905 5 7 7
1,100 14,328 18,900 2 0 1 7
1,173 7,038 14,250 2 0 ] 1
1,026 6,156 14,250 0. 0 0 L0
911 5,466 14,250 1 0 0. 1
994 4,516 12,324 0 0 0 0
03,1100 18,660 14,250 0 0 0 0
4,104 23,176 13,875 4 0 3 3
3,110 18,600 14,250 2 0 2 0-
2,199 13,194 14,250 0 .0 0 0

See discussion in Section 2.0 for definitions and assumptions.

2. See route map in Appendix A for route definitions.



TABLE 2.1-3
SERVICE TIME PRIOR TO FAILURE

NO. OF . NO. OF -
RAIL  WELD NON~WELD SERVICE TIME (YEARS)

SIZE - FAILURES FAILURES 0-T1/2 1/2-T 12 2-5 5 OR MORE

ns 25 | 10 14 - -

g ]OQ_‘ 0 - - - - -
85 1 - - - - - ]
115 ' 4 2 2 - - -
L[ - 1 - 2 5
85 ' 24 2 1 - - 22



2.2 Literature Survey

The first part of the survey consisted of obtaining data and recommended
" practices fran the rail subp]ier and the two weld kit suppliers.  References 1
- through 4_and item 7 of Appendix'A sumnarize these data. Discussions with ‘
other rail pnoperties and.observation of their practices combined with the
above data led to the conclusion that the observed MBTA welding operations and
. procedures were in accord with generally accepted practices and in compliance .
with supp]ier reconmendations. However, it was readtly evident that signifi-
cant variations in the _process variables can and do occur. These variations
not only exist between transit properties but also between different work
crews within a given transit property. Many of these variations’result from
the envirommental conditions, and the revenue operating pressures over which
the work crew has little or no control. The effects, if any, of these
variations on rai]/We]d performances is not known. At the present, ekperience'
has established procedures and/or practices that produce,“acceptab]e
performance without having a quantitative criteria for evaluation or
inspection."

The second part of the survey cons1sted of a 11terature search for a
pract1ca1 criteria that could be used to d1st1ngu1sh between acceptable and »
,unacceptable welds. A wealth of test data is available. ‘The maJor1ty of wh1ch
is contained in the AREA Proceedings beginntng with volume 44 and extending to
the present. References 5 and 6 provide a significant bibliography on this
, subject.‘ Refefences é, 9 and 10 contain specific resu1ts obtained using rail
and weld kits supplied by the MBTA suppliers and/or subcontractors. With‘few
exceptions, these data report test results without prov1d1ng conparable data o
for unwelded rail such that a quantitative criteria for: eva]uat1ng the we1ds

cou]d be derived.



Tab]és 2;2-1 and 2.2-2 prepared from the data in referénce 7 represent§
a typicé] set of resuifs for the Tfmited number of cases where comﬁarative |
data is provided. ,These data reflect the fact that welds for a giyen rail
ﬁ‘materiaT,will have different strengths depending on-'the weld kit:Supp]ier. .

, Also, the‘impact re]étive to the rail material strength will vary as the fai]
material changes. it appears that the weld metal composifion is the siynifi-
,c;Bt factor\evén thbugh such variables as preheat time, teiperature and coo1ing'
rate w111 é]sq»afféét the.résuits. Although the statistical vaiiaity of these
conclusibns‘cah be guestioned, the trends noted were diiplicated to Some extent

in aTI'casés whefe the required data was available.

A In summary, there is no generally accepted meéhanica1 property ﬁypé ~
“-criteria that can be'USéd to differentiate between acceptable and unaCCeptab1e
welds. V&]ues for weld strength and ductility Vary'significant]y,from oné
weld kit supp]ier’tO'another?even when the same weld process is used. Also,
the values relative to the rail strength will vary from one rail material to
the next eQén when the same weld kit supplier is used. It aﬁpeérs that é.We1d
kit compoéition certification needs to befestablished and required by the
tfansit propefties as they currently requiire for the rail matefial when
_phrchasing rails. This would not guarantee acceptable welds, but it(wou]d
control one major variable that is nbt currently éontrolled.

The third part of this survey consisted of a literature search for a non- l
'.destructive'inspection technique that could be used td'distinguish between
vaéceptab]e and non-acceptable welds. Considerable work has been done utilizing
béth radiograﬁhic and ultrasonic techniques with varying degrees of success.
The basic goals for any of the hethods are: (a) to establish a set of standards
which correlates with weld performance and (b) toAdeve1op a reliable and |
economically feasible method to inspecf fiéﬂd welds. Even in the cases where

the_transit property finds it economically feasible to grind the weld



smooth with the rail, the geometric variables and site restriction§ preseht a
formidable cha]lenge. Based on the‘information to date, the ultrasonic

| inspection technique seems to offer the best chance of:evolving into'a
practical and reliable inspection method. References 11, 12 and 13 present
three recenf efforts on this subjett. Based on these data, a simplified
technique was used in this study and the resﬁ]ts are discussed in a sub;equent

_ section of this report.



NOTES :

30
(2)

(3)
- (4)

TABLE 2.2-1

TENSILE PROPERTIES - TWO TYPES OF THERMITE WELDS IN TWO

DIFFERENT RAIL MATERIALS

CRAIL | WELD Fru ELONG.

MATERIAL( 1) TypE(1) KSI %
sce - 131.5 - 12.0
A 1i2.6(2) 2.0(2)
B j2i.7(2) 2.5(2)
Wis - 1430 130
A 12.53)  1.003)

B 121.8(4) o 2.2(8)

See Table 2.2-2 for rail and weld material composition.

‘Average of 3 tests.

Average of 6 tests.

Single test result.
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SAMPLE

MANGANE SE

TAB

LE 2.2-2

COMPOSITION
NICKEL

”
CHROMIUM

CHEMICAL COMPOSITION - TWO TYPES OF THERMITE WELDS AND THE
TWO RAIL MATERIALS ‘

MOLYBENUM ALUMINUM

- SCC
RAIL(T)
0.014

HiS.
RAIL(2)
0.007

TYPE A
We1d(3)

0.34-0.68

TYPE B
weLp(2)
1.07-1.25

NOTES:
m
(2)

(3)

0.75-0.76

0.80-0.84

0.75

0.48-0.59

0.47-0.49

Range for 5 samples.

Range for 4 samples.

SILICON

Maximum /minimun 2 samples.

1

1

- 0.07-0.08
0.90-0.93 0.68-0.74 - 0.06-0.08
1.10-1.40 0.35-0.50 0.04-0.05

1.26-1.33 1.09-1.49 0.12-0.13

0.02-0.03

0.02-0.03

0.01-0.03

0.12-0.13

0.01-0.04"
0.01-0.04
0.08-0.10

0.04-0.05



2.3  Industry Survey

~. To-assist in this investigation, a questionnaire; iten 8 of Appendix A,
. was prepared and distributed to selected transit propeftiés and railroads.
Selection was made to insure inclusion of systems using the rail materials and
we]dfng procésses emp1oyed by the MBTA. In addition, systems were aiso
se]egted to include as wide a range of envirommental operating condftions; |
requireménts'and_philosophies'as possib1e. In general, te]ephonevcontéct was
)'made and the questionnaire forwarded and returned as confinﬁation of fhe :
te]éphone’discusSiOns.
| ;Thé results obtained are summarized in Table 2.3-1. In short, no recent

inbreases in rail pull apart failure rate were reported nor had there been any
'indfcations of specific problems with either rail material or weld kits
employed. Selection of one field weld process or another appears?to depend on
'paét experience of the company and/or personnel involved. Changes are
~sometimes made due to "poor" results with a given process and "better" results
with another. |

Generally speaking, it is apparent that welding practices are widely
diverse as is the criteria for acceptabi]ity of the welds. The significant
factor to note is that a nanina} failure rate is accepted as normal, even
though all use some sort of inspection ranging fran visual to periodic use of
~a Sperry Rail Service Car. In summary, these‘data did ndt indicate that the
rail pull apart problem was directly related to either the rail materia1.used _
or the weld process anployed.

The time and effort spent and the information forwarded by the personnel:
of the transit properfies and railroads listed in item 9 of Appendix A is

gratefully acknowledged.
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TABLE 2.3-1
SUMMARY OF INDUSTRY SURVEY RESULTS

(1)

Questionnaires' '’ sent out - - 9 (5 Transit; 4 RR)
Replies received | . | 4l6 (4 Transit; 2 RR)
Properties using no welded joints =1
Rate of.pu11_apart failures considered nomal ' - 2 to 4 per ﬁonth
Rail pull apart prob]ens : —’d |
. Properties requiring special training'for welders -2
Properaties requiring certification - -1
Inspection: Visual - all | -6
Sperry - 1 to 3 times per year : -4
Preferences for weld supplier A over B(Z) A -2
Preferences for weld supplier B over A(z) S -1
Properties using chrome rail : --1

NOTES

1. Seé item '8 of Appendix A for questionnaire content.

2.  Weld supplier A and B to d1st1ngu1sh between the two thenn1te type
weld kit suppliers listed in References 1 through 4,

13



3.0 LABORATORY INVESTIGATION OF MBTA RAIL PULL APART FAILURES

 This section of the repokf‘discuéSes the various laboratory and metallur-
gical tests conducted on fhe failure s&mp]es collected during the site survey
at the MBTA.- Support and assistance was pfovided_by cogniZant MBTA engineering
and ‘maintenance personnel as well as representatives from the Transportation

' Systems Center in Cambridge, Massachusetts.

3.1 Objectives

rTo determine the failure mode and thé probable cause of failure in order
to establish a rational test plan for the next phase of fhe investigétion.
3.2 Procedure '

The eleven (11) representative failure samp]eé were exémined Visua]]y
and classified by type of failure. Representative specimens were then cfoss—
_ sectibnéd and subjected to both meta]Turgica] and hardness tests.

3;3 ~ Results -

Visual examination revealed that eight of the failures occurred ét weld
joints, and the remaining three occurred at bus wire bond points. Table 3.3-1
summarizes the results of the visual examination. These results show that the
majority of the weld failures occuréd in field welded joints on'chrome rail
using calorite kits.

The reasoﬁ that the majority of the failure samples involved this alloy
andeeld kit was discussed in Section 2. The significant factor is that the -
same failure characteristics were present regardless of réi] alloy or weld kit
supp]ier. |

Figures 3.3-1 through 3.3-9 show two examples of weld joiht failures.
Specimen #1 (Figures 3.3-1 through 3.3-5) broke from the bottom flange up
through the head. THe crack deviated to one side from about the center of the
web up. Figures 3.3-1 and 3.3-2 show that the bottom half of the rail did not

fuse together while the top did fuse. The lack of fusion is indicated by

14
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TABLE 3.3-1

SUMMARY - RESULTS OF VISUAL EXAMINATION OF FAILED SAMPLES

Composition

Failure Location
Rail - - Weld .

Specimen Type A B Weld Bus Bond Type Cause of Failure

B-1 115 CR CR™ X C Lack of fusion (30%)
B-2. 85 cc cc X Unk Slag/brittle (10%)
B-3 115 “CR cc X C Lack of fusion (80%)

B-4 115 CR cc X c Lack of fusion (75%)

B-5 115 cC cC T Slag/runout (head)

B-6 115 cC cC X - Overheated bond

B-7 115 cc cc X - Overheated bond

B-8 115 ¢ cC X - Overheated bond

B-9 115 CR - c Lack of fusion (30%)

B-10 115 cc - C Lack of fusion (40%)

B-11 115 cC - C Lack of fusion (30%)

A,’B Used tb_désignate each side of broken sample (Columns 3 and 4)

CR Designates chrome rail (Columns 3 and 4)

cc Designates control cooled rail (Columns 3 and 4)

15 ° Designates 115 pound/yard rai],>85 designates 85 pound/yard rail {(Column 2)

c. Used to designate Calorite weld (Column 8) | |

Used to designate US Thermit weld (Column 8)



Figure 3,3-1 Side View of the crack in failure specimen

R
S

Figure 3.3-2 Failure specimen #1 opened to show the
fracture surface,

16
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Figure 3.3-3 Fracture surface of #1 showing Tack of fusion
in the bottom half of the weld,

Figure 3.3-4 Section taken from the top of a, showing
fusion in the top half.

17



Figure 3.3-5 Section taken from the bottom of #1, showing
lack of fusion in the bottom half.

S T A i ,;"j‘

Figure 3.3-6 Side view of specimen #3 showing crack along
' the weld interface.
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Figure 3.3-7 Fracture surface of #3 showing Iackiof fusion
(dark area) throughout the weld zone,

Figure 3.3-8 Section of #3 showing almost no melting of
the rail.

19



sponge pofosity and a flat oxidized surface showing little or,no_tenSije'
fracture, Figures 3.3-4 and 3.3-5 are section§ taken from the top and bottom,
respectively. The lack of fusion in the bottan (Figure 3.3-5) is evidenced by
- the lack of melting of the rail ends in contrast to Figure 3.3-4, which
indicates good fusion jn the head of the rail. The variation of fusion from
top to bottam sho@s that the top half 6f the rail was preheated more than the’
bottam half. 4 | .

Specimen #3 (Figures 3.3-6 through 3.3—9)xis.an example of a weld in
which.nd fusion was achieved. The crack runs'straight up the side of the weld
along the interface bétween the weld metal and the rail (Figure 3.3-6). The
‘1a¢k of fusipn is evidenced. in Figure 3.3-7 by the flat, oxidized (d&fk _
colored) épbéarance of the fracfﬁre. Figure 3.3-8 shdws'that_oné.ﬁofner of
the rai] had begun to melt, otherwise no fusion had occurred. The photomicro-
graph in ngure 3;3-9 shows complete lack of fusion along the interface:
between'the weld metal and the rail.

An example of a bus bond fai]ﬁre is shown in Figures 3.3-10 through
3.3-13. In thfs type of failure, cracking developed_frgm”the boint'Where the"'
coppef bus wire was w¢1ded to the rail (Fiéure 3.3-10}. Figure 3.3-i1 is a |
section through the bond site showing the copper penetrating into the rajT.
Figure"3.3-12 is.é photanicrograph at 100X showing a hard Tayer:of untempered
martensite which fonned at the interface of the copper bus énd the rail. This
layer, shown in more detail in Figure 3.3-13, was made up'of martensite with a
hardness as high as RC 57:_‘Intergranu1ar cracking and copper pénetration are

‘ gvidentrin the photdgraph.

20



Figure 3.3-9 Photomicrograph showing lack of fusion along
the weld interface of #3. Nital Etch. (100x)

Figure 3.3-10 Failure specimen #6 showing typical bus bond
type failure.

21



a bus bond showing penetration

Cross section of
(10x)

Figure 3.3-11
of the copper into the rail,

R .

Nital Etch, (100x)

(RC 57) untempered

Figure 3.3-12 Photomicrograph showing hard
martensite layer which formed between the copper

bus and the rail.
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Figure 3.3-13 High magnification view of the Tlayer in

Note intergranular cracking
(500x)

associated with copper penetration into the
Nital Etch,

Figure 3.3-12.

.steel,
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3.4 Findings
Based on the results in paragraph 3.3, two failure modes were identified:
. 'Failure at the thennite welded joints
Féilure of the rail at bus wirelbonding Jjoints.

The weld joint failures were characterized by poor fusion up to and
including complete ]aék of fusion over significant areés of the joint. The.
probable causes of the poor fusion were insufficient and/or uneven preheating
~of the‘joint prior to welding. |

The failures associated with. the bus wire bonding'joints were chak4
acterized‘by‘a fully rehardened zone in the rail accompanied by intergranular
pehetration of cbpper into the steel. These features indicated an_extessive
heat input during the bond operation and failure to temper the steel after com--

pletion of the bond.

24
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4.0 METALLURGICAL EVALUATION OF TEST WELDS MADE UNDER CONTROLLED CONDITIONS

Based on the results reported in the prior section, a series of test
welds were made to detemmine the operational limits fdr the welding processes
used by the MBTA. Al1 of the subsequent work was conducted ﬁsing 115 pouhd/-
yard standard control cooled or chrome rail. |

‘4.1 Objectives

TQ evaluate 1) the effects of outside tenperature, 2) the effects of_pre-
heat temperature, 3) the'effects of rail énd weld kit chemistry, and 4) to
canpare ﬁhe two»weld processes used by the MBTA.

4.2 Procedures

Two test welds (one each by the two vendor representatiVes) were made,
ultrasonically inspected and then subjected to a typical slow bend test. - (See
Figure 4.2-1 for fhe test setup). The ambient temperature when thése welds
were made was 95°F. The prinary purpose for these welds was to insure that
vendor recommended procedures were used, to serve as a training exercfée for
the laboratory personnel who were to make the subsequent test We]ds and to
compare the bend test results with industry noms. | | _

Figures 4.2-2 and 4.2-3 illustrate typical test Qe]d'setups for ambient

' tempefature'conditions'and for controlled temperature condifions respedtive]yJ
The temperature was controlled by using a Thenpbtronvtb'Circu1ate Co,
through a chamber built around the rail joint that was to be welded.

A series of test welds were made using Calorite chrane weld kits”on
standard control Cdo]ed rail and/or chrane'raii. Anbient temperatures wéfe'.
adjusted to 50°F, 309F and 10%F while preheat temperature was adjusted
to various'points fn the range 1200°F to 2000°F. Each test weld was

instrunented as shown in Figure 4.2-4.
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Three test welds were made using U.S. Thermit kits. Two of the welds
(T-1and T-2) were made in control cocied rail, ard the third (T-3) was in
chrame rail. The welds weré iade at anbient temperatures in the rifige of
95%, '50°F and 109, |

During eé@h-tesﬁ, the temperatiire was monitored fran the beginning of-
the cool down until approximately 20 minutes after completion of the weld.

For each weld, the foliowing procedure was followed: . |

 Place rail in cold chanber and cool to désired anbiefit.

‘ Calorite welds - install nolds and preheat to deésired ténbe%ature.
P]acévp1ug,ihvmoid; swirig crucible into place and light the charge.
Upon Canplétioh of the pour, renove crucible and s1ag_tray.

U.S. Themit - Dry rail ends and then install the molds. Place
tapping discs in the mold, pour in the charge and tﬁéh Tight the
chafge. | |

Upon.cdnp1etioh of the welds, alldw the welds to cool for 20 minutes
wfth the mons in place. _

‘Aftef the twenty minute cool down period, renove the mold and then:
remove the welded rail fram the cold chamber;

Excess weld metal on the top of head and the field side of the head
was removed by grinding and then each weld was u1trasbnica11y
inspected. o
Following the inspection, the weld zone was Cut out and the remain- -
ing rail was used for further welding. |

Each weld sample was then.subjected to metallurgical tests as follows:
Cross sections were made at the top, éenter and bottom of the web.

Hardness transverses were made from the weld centerline to the

basic rail at 1/8" increments.
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In cases where ultrasonic indications of defects were noted,
sections were made to determine the nature of the NDI indication.
Photomicrographs were made of representative samp]és showing fhe
material microstructure and typical defects found.

.Photomicrographs-were made to depict various stages of fusion in
the weld zones. ‘

Chemicéi ané]&éés using atomic absorption techniques were performed
on selected sbecimens. -
Following the initial weld series, three_we]ds were made using
Calorite kits and chrome rail. The purpose of thése welds was to
verify that 1500°F preheat was also acceptable fof use with
chromé réi] at temperatures down to 10°F. These welds were
subjected to the same examination and tests as the previous welds

except that ultrasonic inspection was not carried out.
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4.3 ReéUits
4.3.1 Bend Tests

Figures 4.3.1-1 and 4.3.1-2 show the failures in the Béﬁd test specimens.
‘The two failures followed similar paths. Cracking initiated in the bottom
flange at the Wéld/féi] interface. After ?eétﬁihg the mid-height of the r&ii,
fhe.é}ack propagated ih.f&h directions, as evident in the fidures.

~ The Calorite Qéid (#C-1) failed éf a maximum load d% 245,066 Baﬁﬁﬁé Q%th
a maxinum deflection of 6;9i inches. The U.S. Thermit weld (#TQi) failed at
- 226,000 bouﬁds with 2 maximum deflection of 6.66 inchies. F%dﬂ?é A;3.i-3 éﬁdﬁé
~the Toad vs. def]éctibﬁ cﬁrﬁes of the two sbeciméﬁé Sﬁpéf%ﬁﬁéékﬁL
The idﬁek‘strenétﬁ of specimen T-1 resulted from porosity in fﬁé weld
“interface in the bottom fiange. Figures 4.3.1-4 and 4.3.1-5 show tltrasonic
inspection results on the two bend test specimens. After the test, metallo-
grapﬁic_exémination reveéied that the indication observed in T—i was due to
mjcroscoﬁic gas porosiiy distrihuted éidﬁé thé weld interface.

As discussed earlier, no gehera]iyvéctepted values were available to
distihguish acceptable from Unaccebtab1e velds. Results from the data
reviewed Qave Ultimate load values for this rail rahgihg from a low of iQ0,00b
pounds to a high of 318,548 pounds and maximum deflections réhging from 0.4
inches to 1.45 inches. In most cases, examination after failure would
indicate meta]]ur%ical flaws and/or lack of fusion. These defects could
possibly correlate with the results, but there was no indication of whether
the results were cdnsidered accepfab]e or ﬁnécceptab]e. The important fact
here is that the welds produced using_the'best procedures possibie resulted in
strehgths well above the minimum based on the available data.

The fracture pattern was similar to that noted for several other
industry test samples when the ductility of the weld was low as determined by

maximum deflection measurement.
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Figure 4,3.1-2 US Thermit weld specimen #t-1 after
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Figure 4.3.1-4 Yltrasonic inspection report on specimen #C-1 -
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4.3.2 Test Weld Series

Table 4.3.2-1 gives a summary of the welding conditions for each of the
test welds. Also included is a comment column indicating problems that were
‘experienced. Table 4.3.2-2 summarizes the results of the metallurgical and
non-destructive inspections. Detailed data-from which these tables were con-
strﬁcted may be seen in Appendix B.

Figure 4.3.2-1 shows a typical as welded joint after removal of the
risers and excess metal from the fai] head. The weld beads were approximately
one inch wide and were encrusted with a layer of ceramic material from the
mold. The 1lines drawn on the figure show locations where the weld sections
were cut.

Figures 4.3.2-2 through 4.3.2-4 show a comparison between a weld with
good fusion and one which has not completely fused. Figure 4.5.2-2 shows
complete fusion achieved in #C-12 using a 1500°F preheat temperature;

Partial fusion obtained in #C-5 (Figure 4.3.2-3) resulted when the initial
preheat temperature of 1800°F,dropped to 1300°F while the welder was |
having trouble ignfting the charge. An extreme case in which almost no fusion
was obtained is illustrated by #C-3 shown in Figure 4.3.2-4. Here the initial
2000°F preheat had dropped to 900°F in the 4.5 minutes it took to get the
charge ignited.

The importance of preheating evenly is illustrated by #C-13 (Figure
4.3.2-5) in which complete fusion was obtained on one side while no fusion was

obtained on the opposite side.
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'TABLE 4.3.2-1
TIME-TEMPERATURE. DATA SUMMARY

Preheat  Preheat Tap Time  Tap Temp °F  Tap Temp °F

Ambient
Specimen  Temp-OF Time-Min = Tenp-©F “Min - Top ‘Bottom Remarks
c-1 95 20 1800 0.5 - - Vendor Rep, Bend: Test
C-2 95 20 1800 0.7 - - Vendor Rep
C-3 50 38 2000 4.2 1200 900 Trouble Igniting
C-4 50 28 2000 0.5 1900 1200
C-5 50 20 1800 1.5 1600 . 1300  Trouble Igniting
C-12 50 24 1500 1.2 1500 1300 Trouble Igniting, CR Rail
C-13 50 35 1000 1.8 1100 1000 CR Rail/Mold Broke
C-6 30 32 2000 1.8 1600 1300 Trouble Igniting
C-7 30 36 2000 2.5 1600 1300 Trouble Igniting
Cc-8 30 26 2000 0.8 1900 1500 ‘ '
C-10 30 - 16 1200 4.8 900 700. - Trouble Igniting
-9 10 21 2000 0.7 1800 1600
c-11 10 38 1200 1.8 - 1100 Trouble: Igniting
C-14 10 38 1500 3.8 1200, - 1000 Mold Leaked, CR Rail
T-1 95 - .- - ' - e Vendor, Bend Test
T-2 30 - - - - -
T-3 10

- - - - - CRRail
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 TABLE 4.3.2-2

SUMMARY
- NON DESTRUCTIVE INSPECTION AND-METALLURGICAL TEST RESULTS

Met. % Penetration - Hardness-RC Tap Temp-OF

. Specimen NDI(I) _ Sect1on(2) Top/Bottan Top Bottom = Top -  Bottom

c-1 - P/fI - - A 100 B 36 - -
C-2 P/1 ‘ - 100 35 34 - N

- -3 F/P LOF 2100730 . A 31 - 120 900
C-4- P None’ 100/100 33 35 1900 1200
C-5 F LOF 100/40 33 33 1600 1300
C-6 P - v : 100/100 43 39 1600 1300
c-7 . P : - 100/100 32 .. 36 1600 1300
C-8 . PJF _ None : 100/100 . 33 - 34 1900 1500
C-9 - P - 100/100 43 . 40 1800 1600
C-10 - LOF . 507112 33 35 900 700
c-11 F Crack 60/100 53 52 - 1100
C-12 - Inci. - 100/100 - 38 36 1500 1300
C-13 - : - LOF/ &K 15/62 57 57 1100 1000
C-14 - LOF . 100/94 37 36 1200 1000
T-1 P/F P 100/100 28 28 _ - .
T-2 - P/F None ~100/100. 27 30 -
T-3 - None 100/100 29 30 -

- B-1 - _ - ‘ - 37 , :
B-12 - - . - : 51
B-3 S e LOF 0/18 31 32

(1)p = Porosity I = Inclusion. = Specimen Designation: C = Calorite
. F = Flaw (crack -1ike 1nd1cat1on) o T = US Thermit

(Z)LOF = Lack of Fusion L : B = Boston field failure

Inci = . Inclusion BT o o ) _ o
‘ - A NOTE:. Specimens C20, 12, 13 and 14 were not ultrasonically
=  Crack - . _ -~ inspected. . :
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Figure 4.3.2-1 Typical Calorite test weld "as welded".

Figure 4.3.2-2 Complete fusion in specimen #C-12 at 1500°F
preheat.
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Figure 4.3.2-3 Incomplete fusion in specimen #C-5 at
1300°F preheat (2x).

Figure 4,3.2-4 Almost no fusion in specimen #C-3 at 900°F preheat.
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Figures 4.3.2-6 through 4.3.2-9 illustrate miéroscopfc conditions
observed in the weld joints. A normal completely fused joint is illustrated
by #C-4 (Figure'4.3.2-6) welded at 1900°F preheat. Lack of fusion is
illustrated by #C-3 (Figure 4.3.2-7) welded at 900°F preheét. 'Specimen
#C-12 (Figure 4.3.2-8) shdws a case in which complete fusion was achieved at
1500°F preheat, but a large inclusion was retained in the weld. Specimen
#C-11 (Figure 4.342-'9) is an examp]e'of cracking which developed in a weld
which was too hard (RC 52-53).

A wide range (RC 57-31) of hardness was observed in the Calorite weld
joints. Figures 4.3.2-10 through 4.3.2-12 illustrate the microétructure
changes observed over the;hérdness range. Spec}men #C-1 (Figure 4.3.2-10)
-contained hard untempered martensite combined with upper banite resuiting iﬁ

‘high (RC 51) hardness. Specimen #C-6 (Figure 4.3.2-11) had a hardness of RC
'43, and the microstructure consisted of banite and approximately 40% mérten-
site.” Specimen #C-7 (Figure 4.3.2-12) had hardness of RC 36-32 with'micro-
structure containinglapproximately 5% martensite. |
‘Curves of temperature versus time (see Appendix B) show that the head of
the rail chilled the weld metal more. rapidly than didrthe thin sections fn the
web and bottom flange. An.ihSpe;tion of Table 4.3.2-2 5hoWs that the highest
hardness generally occurred in the head of the rail where the quénch rates
" were the highest. | | | _' | |

US Thermit welds do not require preheating because they emp1oy excess
metal f]qung through the joint to raise the temperature.’ Figufe 4.3;2—13 js
a section from specimen #T-2 showing complete fusion in‘the'joinﬁ. This

appearance was typical of all three welds examined. The hardness of the
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Figure 4,3.2-7 Llack of fusion and gas porosity - specimen
~ #C-3 (900°F preheat). Nital Etch., (100x)
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.

Figure 4,3.2-9 Cracking resulting from excessive weld hardening
(RC 52-53) in specimen #C-11 (1100°F) preheat).
Nital Etch., (100x)

T f’*g?if, ¢ 2 7H
Fi :[ﬂ‘ﬁf}?ly‘ PR

Figure 4.3.2-10 Photomicrograph - specimen #C-1 showing hard
(RC 51) weld containing martensite and upper
banite. Nital Etch, (100x)
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Figure 4.3.2-13 Section from weld #T-1 showing complete
fusion - typical of U. S. Thermit welds.

Figure 4.3,2-14 Photomicrograph from specimen #T-3 showing
soft (RC 28) weld containing fine pearlite.
Nital Etch. (100x)
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US Thermit welds (RC 28) was substant1a11y Tower than the Calorite welds.

This was due to the 1ack of a11oy1ng elements in the US Therm1t weld metal,

which resu]ts in a comp]ete1y pear11t1c m1crostructure Figure 4 3.2-14,
Hardness in the US Therm1t welds was approx1mate]y the same as that of control
cooled rail. Therefore, in the chrome rail, the weld was softer (RC 28) than
the rail (RC 32-35). |

Table 4.3.2-3 contains results of chenical analyses of the weld metal
and both types of rail. The hafdenabi]ity of the Calorite weld metal results

primarily from the additions of chromium, nickel and molybedenum.
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TABLE 4.3.2-3

CHEMICAL ANALYSIS RESULTS

CR Rail

SPECIMEN Si Cr Mn Ni Mo AT
= B 0.20 0.40 0.90 0.20  0.40 T.10
c-2 0.60 0.40 0.90 0.20  0.40 0.80
C-3 0.20 0.15 1.10 0.25  0.15 0.39
c-5 1 0.80 0.50 - 0.90 0.20  0.30 1.10

- C-6 - 0.40 0.40 1.20 0.20  0.40 1.40
c-7 0.40 0.40 0.90 0.20  0.30 0.90
c-8 1.0 0.30 ©2.00 0.20  0.30 0.80
B-10 10.20 0.20 0.65 0.25 ~ 0.32 0.15
CC Rail 0.2-0.4 0.01-0.02 0.35-0.49

0.02-.03  1.01-1.25 0.96-1.20
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4 4 ?{ndtngs
4 4 1 Ca10r1te Welded Jo1nts

. a0 b 255;~ i
Var1at1ons in the preheat temperature produced we]d Jo1nts w1th fus1on

character1st1cs s1m11ar to the MBTA fa11ures

\

Preheat1ng 1n the range of 1500°F to 2000°F produced comp]ete
fus1on in the Jo1nts

IS

. -Preheat1ng be]ow 1200°F cons1stent1y produced we]ds w1th poor
fus1on

} Preheat1ng 1n the range of 1200°F to 1500°F produced m1xed
resu.l'tS. ¢ ~23;5 NN Zl' L‘_z‘?,i "f',i" £4 "'g" :
D1fferent coo]1ng rates were observed between we]ds and between the top,

SO R VS SR A R LD I TS+

center and bottom of a g1ven we]d jo;nt: Th1s var1at1on 1n coo]1ng rates con-
tr1butes to the m1xed resu]ts for the temperature range quoted above.

welds w1th complete fus1on can be ach1eved at amb1ent temperatures as 1ow
‘as 10° F prov1ded that proper preheat1ng cond1t1ons are ach1eved. Homever,
comp]ete fus1on becomes more and more d1ff1cu1t to ach1eve at 1ow amb1ent temp-
eratures .

The 1nab111ty to eas11y 1gn1te the Ca]ortte charge was found to be a
"problem w1th the weld k1ts used for these tests This prob]em was a d1rect
cause of severa] bad we]ds due to 1oss of ra11 preheat temperature wh11e
Aattempting to Tlight the charge. »

The hardness of the Ca]or1te weld meta] was strongly 1nf1uenced by the
cooling rate of the weld joint. This character1st1c d1sclosed an add1t1ona1
prob]em. The observed hardness range, RC 33 to RC 57, exeeded the norma1
range, RC 31 to RC 41, for the chrome rail material. welds with a hardness
exceeding RC 50 may experience deiayed internal cracking due to residual
stresses. Welds with hardness as low as RC 35 still contained as much as b to
10% untempered martensite which is undestrable. Avoiding these high hardness
results conditions with the present kit will required extra measures such as

_ insulating blankets and post weld tempering.
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.Correspondénce'from the Calorite weld kit supplier confirmed fhat an
‘érror had been’made in fhe amount of alloying elements added to the weld kit -
and indicated corrective action would be taken. Recent:.discussions with
Calorite indicate that this was accomplished and that the :.desired Tower weld

hardnesses and improved metalurgical formations were achieved.

-~ 4.4,2 U. S. Thermit Welded Joints

B The;three_we}d joihts made using the U. S. Thermft process prbdﬁcedAcbm— ;

~ plete fusibn within the ambient tembérature range of these.tests. The 1a¢k»pf‘
a higher chrome alloy content in the U. S. Thermit réi] metal used in this

“investigation resulted in welds which were substantially softer thaﬁ the ‘chrome
rail but_compatib1é with the hardness of control-cooled rail. Welding control-
cooled rail to cﬁrome rail with these kits w%11 cause no:.degradation in per-
formance since the result is only a shift in the hardness transitioﬁ ldcation.
When this weld kit is used to weld chrome rail to chrome rail, the effect of
the soff (RC 28) weld metal between the hard (RC 35) chrome rail may Eesuft in-
some long.term performance :degradation. However, nd evidencelwas‘fbund in the
literature to indicate that this hardness combination has been a significant
problem. In any case, an increase in a110ying elements in weld kits_fOr.joinQ

ing chrome rail would be prudent. Recent Correspondencé'with U. S. Thermite,
| Inc. has confirmed that higher chrome alloy weld kifs‘can be subp1ied if . |

lSpecified by the user.

4.4.3 Ultrasonic Inspection | .

UTtrasonic inspection techniques were successful in»1ocafingAinferha1
(non—visua]) flaws: in fhe wetld joints. A preliminary brpéedureffd#lthese
inspectﬁdns_is contained in Appendix C. However, in ordéf to utilize thfﬁ
procedure, a reliable rejection criteria needs to be:&eye]oped;_ ”

From the .data observed, it is evident that it would be possib]e'to»estab-
1ish an.accept/reject standard through a correlation between flaw size and weld
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strength;v This could only be done by creating a series of.we}d joint specimens
wiih various types of flaws and flaw sizes and obtajning an ultrasonic inspec-
tion measureﬁent.for~each. The specimens would then be tested to failure. By
defining the m§ximum Strength degradation that would be acteptab]e, the ultra-
sonic‘measuremeht é0rresponding to this limit would then be’uéed as the
accept/reject standard for weld inspection. |

It is probable that accept/reject standards would require tai]oring'for
each trdnsit system since each system will have different bperating require-

ments and conditions and different rail sizes and materials,
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5.0  CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions
- Under normal conditions and by following the weld kit suppliers' instruc-
tions satisfactory welds can be obtained.

The most critical variable is the control of the preheat. That is,
complete fusion is-dn]y possible when the rail is at the propef preheat temper-
ature prior to and during the welding process. | |

The ambient temperature, between 95°F and 10°F does not appear to-
affect weld quality. However, as the ambient temperatﬁre dkops be]ow 30°F,
the ability of the weld crew to control ail of the other processes
‘deteriorates significanf]y.

Acceptable welds can be made even when the weld kit material and rail
material differ. However, this will generally exaggerate the hardhess |
variation across the joint which can lead to problems with bfinne]]ing at the
joint when the weld is "softer" than the rail or vice versa. This can be -
significant since the area impacted can be as wide as 2 1/2 to 3 inches (see

hardness p]ots in Appendix B).

5.2 Recommendations

Qualify and certify welders and weld processes before pufting'them in
the field. Include periodic recertification requirements for the field crews.

Require tighter limits and extra precautions for welding chrome rail.
than is normal‘for_contfo]-coo]ed rail.

Utf]ize some means such as Tempil stick or an optical pyrometer to
esfab]ish_a'mfnimum prehéat and/or a uniform preheat.

DéVé]op a critical flaw size for ultrasonic inspéétion of weld quality
so that a cost effective accept/reject criteria can be established. This
investigation indicated that the critical rail f]aw size depends on'the type
of flaw and is.in the 1/2 to 1 inch range.
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DATE

1-7-82
1-7-82
1-20-82
1-20-82
1-21-82

1-19-82

1-15-82
1-16-82

1-17-82
1-28-82

1-29-82
1-29-82
2-5-82
2-5-82
2-8-82

 2-9-82

2-18-82

. 2-19-82
2-21-82

2-25-82

2-26-82-
- 2-26-82

SUMMARY OF FAILURES
CONTROL COOLED RAIL

LOCATION (1)

West 6f'Kennore, EB

East of Arlington, W.B.

Barlet St., SB

No. of Kendall, N.B. . -
Fedar STret, S.B.

So. of Dover, S.B.

No. of Egelston, N.B.
Boylston, N.B.

So. of Wash., N.B.

So. of Dudley, N.B.
East of Airport, E.B.
Kemmore, E.B.

So. of Oak Grove, N.B.

No. of ForestHills, N.B.

Forest Hills, N.B.
No. of Dover, S.B.
No. of Oak St., N.B.

 Park St., S.B.

No. of Green St., S.B.
So. of Harvard, S.B.

So. of Haymarket, S.B. .
East of Arlington, W.B.

RAIL
size (2)  type(3)
85 ASCE
85 ASCE
85 ASCe
85 " ARAB
100 AREB
85 ASCE
85 ASCe
100 ASCE
85 ASCE
100 AREB
100 AREB
85 ASCE
100 AREB
85 ASCE
85 ASCE
100 AREB
85 ASCE
g ASCE -
85 ASCE
100 ARAB
85 ASCE
85 ASCE

TEMP  YEARS IN FRACTURE

O_F  SERVICE  LOCATION(4)
30's 30 -
20's 15 c
Teen's ~ 15 B
40's 10 ¢
20's 15 B
20's 12 B
20's 15 B
40's 1 -
30's 20 -
20's 5 B
Teen's 20 B
40's 20 -
20's 5 B
20's 20 F
20's 20 B
20's 12 B
1 20's 15 -
20's 18 B
30's 15 -
30's 20 c
20's 20 -
20's 15 -
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SUMMARY OF FAILURES CONTROL COOLED RAIL (Continued)

NO.  DATE LocATION (1) size (BV7vpe (3
23 3-5-82 No. of Kendall, N.B. 85 - ASCE
24 3-5-82 No. of Green St., N.B. 85 ASCE
25 3-10-82 East of Copley, E.B. 85 ASCE
26  3-12-82 So. of Egleston, S.B. 85 ASCE
27 3-16-82 So. of Broadway, S.B. 85 ASCE
28 3-16-82 No. of South Sta., S.B. 100 ARAB
29 3-23-82 So. of Charles Portal, S.B. 85 ASCE
30 3-31-82 No. of Park Sta., S.B. 85 ASCE
31 3-26-82 Codman Yard 85 ASCE
32 4-9-82 No. of Northampton 85 ASCE
33 4-10-82 East of Aquarium 85 ASCE

NOTES:

1. See system map.

Rail size in 1b./yd.

£ WN

F - failure thru field weld.

TEMP  YEARS IN FRACTURE
O_F  SERVICE LOCATION(4)
2's 1/8 c
20's 12 -
20's 20 -
40's 1/12 -
30's - -
40's - C
40's 17 -
40's 20 c
40's 25 -
50's 20 -
40's 15 -

B - Failure thru bolt hole; C - failure thru cable bond;

Rail was procured to AREA material specification for steel rails.
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9/ 81

9/81
10/81
10/81
11/81
1/82
10/81
9/81

12/ 81

LocaTIoN (2)

DRTX
DRTX .
DRTX
DRTX
DRTX
DRTX
DRTX
DRTX
DRTX
Hi-Speed

Hi-Speed



SUMMARY OF FAILURES
CHROME(1) RAIL

RAIL - MONTHS IN FRACTURE
size (3) 1ype(4) SERVICE LocaTION(5)

115 AREA 2 F
2 F
3 S
3 -
4 F
6 F
3 -
2 -
4 -
5/6 F
F
S

F .
F
S

E
F
.
S
| S
115 AREA 5/6 F
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(1)

SUMMARY OF FAILURES - CHROME RAIL (Continued)

23
24

25
26

27
28
29

4-16-82
4-11-82
4-11-82
4-13-82
5-3-82

6-12-82
3-4-82

NOTES:

Hi-Speed 115 AREA 3

3

4
Hi-Speed
DRTX | | 1/2
DRTX 115 AREA 2 1/2

Failures involved chrome rail to chrome rail weld, chrane
to control cooled rail weld or a failure in a chrome rail
section. :

See system map, DRTX (Ashnore to. Cambridge), Hi-Speed (Matapan
to Ashmont).

Rajl size in 1b./yd.

Chrome rail procuréd to British Steel Corp. specification -
Item 7 of Appendix A.

C - Failure thru cable bond; F - Failure thru field weld;
S - Failure thru shop weld.

Page 2
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MBTA VEHICLE INFORMATION

NO. OF CARS

A-5

VEHICLE WEIGHT NO.

LB. TYPICAL | OF .

LINE ROUTE _ "MAXIMUM _ EMPIY _ RUSH DAY _ NITE _ SAT _ SUN_ AXLES
Orange - 98,472 68,772 4 4 2 4 2 4
Blue " - 90,452 60,752 4 4 2 4 2 4
" Red H/A 115,150 71,300 4 4 2 4 2 4
| H/Q 95,188  61,728° 4 - 4 2 4 2 4
M/A 58,395 40,195 1 1 1 1 1 4
Green  BC/L 104,000 67,000 1 g 1 N 1 6
CC/L. 104,000 67,000 1 1 1 1 1 6
R/NS 104,000 67,000 1 1 1T 1 6
A/PS 58,395 40,195 . 2 1 1 1 4

"NOTE: See schedule information for route definition.



MBTA SCHEDULE INFORMATION

APPROXIMATE FREQUENCY - MINUTES

. S RUSH HOURS
ORANGE LINE o T 5
BLUE LINE N VE
RED LINE |
Harvard - Ashtmont 6
Harvard - Quincy )
Mattapan - Ashmont
" GREEN' LINE | |
Boston College - Lechmere 5/6
Cleveland Circle - Lechmere 7
Riverside - North Station 7/8

Arborway - Park Street 9

A-6

DAY
=

7/8
10

10
8

NIGHT.

15
11

10/15
10/15

- 15

10
10
10

- - SAT

8/9

71/2/9

8/15
8/15
8/15

W~~~

- SUN
15

717212

15

15

15/30

8
10
10
7
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_ C|GREEN O SHAWUT
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SECTIONS OF SYSTEM LINES USED IN.
TABLE 2.1-1

MBTA ROUTE MAP

A-7

F

C

&

1

B

REVERE BEACH
BEACHMONT

SUFFOLK DOWNS

NORTH QUINCY
WOLLASTON

QUINCY CENTER

auNcY AFS'
BRAINTRER



TYPICAL MBTA PROCUREMENT
DATA PACKAGE

NOTE: Actual contract required to completely define supplier/
subcontractor requirements.
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(s ASSACHUSETTS BAY TRANSFORTATION AUTHORITY
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LIRGE I A

PAGE

S ED PR S

PE.

¢ MATERIALS DEPARTMENT REQUEST FOR PROPOSAL )
80 Broadway, Everett, MA 02149 '

_ No.CAP- __292-80
. v - . :
\ Delivery Price !
feem. , ~in per Item i
‘.;o:_ Quantity MATERIAL (Fully Described) Days Unit Toual ‘

’ ancg. - |

FOR HEAT TREATED RAILS:. IZEq S
b{ﬂb%”éﬁs

Chapter 4, Part 2, PP. 4-2-1 through 4-2-6.4;
pp. 4-2-6.7 through 4-5- -6.9;and|
pPp. 4-M-5 through 4-M-8. o

FOR ALLOY HIGH STRENGTH RAILS:

Chapter 4, Part 2, pp. 4-2-1 through 4-2- 4;and
pp. 4-2-6.7 through 4-5-6.9.

In addition alloy high strength rails must be
successfuliy weldable by any of the above process
without the development of an undesirable C
percentage of martensite or bainite. Weldment
criteria must be met as follows:

- Martensite or bainite level fust not exceed 5%
in any fleld cf view at 50x magnlflcatlon,

~ In heat zffected zone, the minimum hardness must'
be no lower than 300 Brlnell Ha*dness, and \

- The distance between heat affected zones shall
not exceed 1% inches to 2 inches.

Bidder shall submit chemical comp051tlon limits
with bid proposal.

Also, rails must have been successfully butt
welded in the United States by both the electric-
flash and thermite welding processes. Written '
confirmation of satisfactory performance in-
track, inclvding location and service perlod, shall
be submitted with the bid proposal

Approximately 1413 net tons,

Please cuote firm fixed prices F.0.B. destination
including all transportation charges. The
Autho*lty prefers firm fixed prlces. .However,
the Authority will accept a price escalation
provision with a ceiling {usually expressed in
terns of a maximum percentage increase) above whigh
the price will not escalate.
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9.

Construction of the following new special trackwork items,
complete with switch tlmber on the Dorchester. Rapld Transit
Extension: :

a. Three - 150 foot radius turnouts.

b. T™wo - No. 6 Turnouts.
c. One - No. 6 Double Crossover.
da. Three - No. 6 Crossovers.

Replacement and modification of wood platforms and walkways
north of Codman Yard entrance. -

Make necessary steel and/or concrete repairs, patch -paint,
and waterproof as required on the floor svstems o 13

ballasted-deck track brlcges.

’Appllcatlon of a 5011 sterilant and contact herbicide as

1nd1cated

1.02 SUBMITTALS

D. Welding

1.

- 095-101

1981

following:

Submit, prior to initiation of welding, a detail specifi-
cation of proposed method and procedure for welding running,
restraining, and contact rails. Include name of manufac-
turer and manufacturer's reguirements and details for the

a. Rail preparation;
'b. Rail spacing and tolerances;
~. Rail alignment;

d. Placing and bolting of molds;

e. Preheating rail, including temperature, method,
and time; N

f. Crucible tapping procedures, including duration of
weld and cooling time; and ' N

g.> Trimmihg and grinding of weld at red heat.

Submit welders' gqualification certificatiohs‘and certified
laboratory test results for welding tests specified under .
- Article 1.03 hereln. :

02850-2A
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5. SUORITTWeLd record of all welds, as specified under Article
3.04.C.4.

G. Submit to the Authority for approval an order list of tabulated

lengths of continuous welded rail to be supplied to the project
prior to the initiation of welding.

J. The Contractor shall submit manufacturer's draw1ngs, material
specifications, installation procedure, locations of previous
installation, length of time in service, guarantee period, and
other pertinent: data relating to the prefabricated concrete
panels specified herein.

K. Samples sof filter fabric and physical properties relating to
high strength and toughness, puncture resistance, chemical
resistance, soil stabilization and methods of installation
shall also be sumitted for review and approval for use on
the project.

1.03 QUALITY CONTROL
C. Qualification Thermite and Electric-Flash or Shop Butt Welding
1. Prepare, in accordance with method specifications des-
- cribed under Article 1.02.D herein, not less than three
sanple thermite and- electric~flash or shop butt welds
for each type of rail to be used in the work (heat-treated
and control-cooled).
3. Slow Bend Test

b. Acceptance criteria: minimum of one inch deflection

or 100,000 psi modulus of rupture.
5. Ultrasonic Testing

a. A1l welds shall be inspected uirrasorically for inter-
nal disccntinuities. Five percent of all welds that
have passed the ultrasonic test shall be selected at
random by the Authority's Engineer for radiographic
testing. (Those welds selected shall have the excess
weld metal on the web and head removed and finished
to minimal requirements.) All welds replacing those
not passing the original tests shall be inspected
ultrasonically and five percent of the replacement
welds passing the ultrasonic test shall also be tested
radiographically. Testing shall be performed prior
to final track inspection.

b. Record of Welds. Each gqualified welder will have an
alphanumeric symbol assigned to him. The symbol will
be used to mark and identify his work. This 'symbol-

095-101 ' 02850~-3A

1981

o csc s e it et

B e

-i s

e e s e S o I TR BT R T

nevy ey AMen . b s F8 s we we. eeeee

L1




shall not have been used before by any other welder.
The Contractor will maintain a list of welder iden-
tifying marks and the welders to which they are

‘assigned which shall be used in the compilation of

testing reports and for the record of welds as
specified.

6. Radiographic Testing

a.

F. Testing

Radiographic tests shall be conducted in accordance
with ASTM El142 - "Controlling Quality of Radiographic
Testing" and ASTM E-94 - "Recommended Practices for
Radiographic Testing." Those tests shall detect
flaws in the welds with sufficient detail to indi-
cate any existence of incomplete fusion and the size
of any defects found in the head, web, or base of
rail. The testing laboratory shall lurnish a radio-
graphic examination fecrm for each sample weld '
examined. The form shall include the welder's
identity, the number of the weld, the number of the
welding machine or thermite process, and shall
identify the film and the laboratory specialist
performing the examination.

Nondestructive examination of metzl welds by radio-
graphic use of nuclear by-product materials shall

be conducted by a laboratory authorized and licensed
by the U.S. Nuclear Regulatory Commission, and shall
comply with all prescribed rules and regulations
required for such examinations.

1. Third Rail

a.

Joints

4) All third raii joints shall be tested both
mechanically and electrically.

5) Mechanical Testing

When cooled to normal temperature, the rail
joint shall withstand jacking or lifting to

5 inches above its normal position. Where rail
strings are sitting on the ties, this shall mean
lifting 5 inches from the tie position. Where
the rail strings are already on insulators, this
shall mean lifting 5 inchés above the normal
level the rail would have on the insulators.

The lifting may be accomplished by a jack
placed under the weld or by lifting cable

around the weld and the suitable hoisting
device.

02850-4A




6) Resistance Testing

a) Electrical resistance of the finished
~ Joint shall be measured using a 36 inch

gauge length. The gauge shall be applied
so that the weld is at the center on
18 inch point. The resistance measured
across a weld shall be a maximum of 110
percent of the resistance of 36 inches of
rail without a joint. The checks of the
36 inch rail should be made on either
side of the joint and on both rails as

. - there may be variations on the resistivity

' ‘ of individual rail sections.

_ b)  Instruments: Instrumentation for the

\ ' electrical resistance test shall be either
1 a direct reading low resistance ohm-meter
using at least a 100 amp dc power supply,
or a suitable arrangement of ammeter and
milli-volt meter with a dc power supply.
Should milli-volt meter, ammeter system be
used, simultaneous readings of ammeter and
milli-volt meter should be taken to assure
that any fluctuation in current will not
adversely affect the accuracy of the milli-
volt meter readings. A dr welding generator
is a recommended power supply.

PART 2 - PRODUCTS

2.01 MATERIALS

A. Soil sterilant and contact herbicide approved by the Aathority
and the Massachusetts State Pesticide Bcard.

B. Crushed stone shall conform to A.R.E.A. Specifications, Chapter
Y l, pPart 2, Pages 1-2-1 through 1-2-4. Gradation: A.R.E.A.

Size No. 4 for track construction and Size No. for small

stone under prefabricated concrete crossing edge beams.

C. Timber Ties

1. Ties shall be manufactured from mixed hardwoods as shown
in the A.R.E.A. Specifications, Chapter 3, Part 1,
Article 1.1.6.4., Group Ta. .

o —————— 1 TT U TI T,

2. Dimensions .

a. Standard cross ties: seven inches deep, nine inches
wide and eight feet, six inches long and eight feet,
zero inches long. '

N
5
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American Railway Engineering Association 4~-2-6.1

S$2.1.1 Heat-treated rails may be hot stamped with Jetters CT in the web
ahead of the heat number.

§2.1.2 All beat-treated rails shall be paint-marked orange.

§3. Standard Length Varations

§3.1 Rails may be fumnished in miscellaneous lengths between the 1 ft incre-

ments established in 10.2. Rails may be applied in the maximum length at which
ends can be properly prepared.

S$3.2 Under the arrangement of S3.1 the provisions of 10.3 shall be waived for

other than the 39-ft lengths. Lengths 35 ft and under shall be considered as shorts
and subject to the specified limitations.

’SPECIFICATIONS FOR FABRICATION OF CONTINUOUS:
WELDED RAIL

1967
(Adopted 1967)

Scope. The requirements recommended herein are intended for use only in the

fabrication of continuous welded rail and are not intended for use in the acceptance
or rejection of rails from the mills. New rail shall be in accordance with the latest
issue of the AMEA Speafcation: fur Steel Rails, Part 2, ihis Chapter.

1. All rail delivered to the welding plant sbould be examined prior to welding. Rails

baving vertical or horizontal misalivement in the last 4 ft of the rail in excess of
0.030 in per {t tangential deviation measured with a straightedge should be rejected.
(Figures 1, 2 and 3)

2. Alinement of rail in the weiding mackine should be done on the head of the rail.

(3) Vertical alinement sbould provide for a fiat running surface. Any d.xﬁcrence
of height of the rails should be in the base.

(b) Horizontal alinement should be done in such 2 manner that any difference in
the width of beads of rails should be divided equally on both sides of the head.

Where the diference when divided exceeds 0.040 in and the gage side is pre-

determined, it may be desirable to aline this side of the bead, allowing any
difference in the width of heads to occur on the field side.

‘c) Borizo=_.l offs:ts thould ro! excced 0.040 in. iu the head andfer 0.125 in.
in ths bas-,

3. Surface Misalinement Tolerance (Figures 4 and §):

(a) Combived Vertical Offset and Crown Camber should not exceed 0.040 in/ft at
600 deg F or less,

(b) Combined Vertical Ofiset and Dxp Camber should not ucced 0.010 in/ft at
. 600 deg F or less.

4. Gage Misalinement Tolerance (Fig, 6):

(2) Combined Horizonta]l Offset and Horizontal Kink Camber should not exceed
0.040 in/ft at 600 deg F or less.

3 References, Yol. 68, 1967, p. 364

.3 Latest page coosist; 6.1 to 6.4, incl., (1967).
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4-2-6.2 Rail

S. A fipishing deviation of not more than plus or minus 0.005 in of the parent section
of the rail head surface should be allowed

6. Tde =ides of the rail head should be fnished to plus or minus 0.010 in of the

 parent section. The bottom of rail base should be finiched to within 0.010 in of the

. Jowest rail o

7. The web zone (underside of head, web, top of base, both fillets each side), shall
be finished to within 3§ in of parent contour or closer but should not be deeper
than paren! section. Fini;hing should eliminate all cracks.

8. All potcbes created by ofiset conditions or twisted rails should be eliminate¢ by
grinding to blend the variations.

9. Al &nr on the weld due to grinding drag should be removed prior 4o final

. inspection. )

10. All welds giving fzult indication in magnetic particle inspection shall be cut out,
repaired, or protected by joint bars.

11. Al rails uced for electric-Bach butt welds should bave the scale removed down to

) bright metal in those end zones, top and bottom of the rails, where the welding
current-carrying electrodes contact on bead and bzse of rail The weid and adjacent
rail for a distance clearing tbe electrodes sbould be rejected if in the areas of
electrode contact there is not more than 95 percent of the mill scale removed.

12, All electric-flash butt welds should be forged (o point of refusal to further plastic
deformation and bave a minimum upset ¢f 34 in, with $§ i as standard.

13, 1f Bashing on electric-flash butt welds is interrupted because of malfunction or
exterpal reason, with less than 24 in of flashing distance remzining before upsetting,

. rails should be recdlamped in machine and fashing initiated again. '

14. Whenever the finishing process involves heavy grinding which is done immediateiy
following welding to prevent metallurgical damage, this beavy grinding should
always be completed at the normally high temperature whenever 2 production line
is interrupted for any reason.

15. Where jaggzed, notched or badly mismatched cuts are made by cutting torch on
rails for electric-fiash butt welding, the mismatched end {aces should be pre-
flasbed to an even or mated condition before setiing up rails for prebeating and
fina] flashing to assure that the entire surfaces of rail ends are uniformly flashing
immediately preceding upsetting.

16. It is recommended tbat a straightening press be included in a welding production
line to belp achieve or improve upon the alinemen? tclerances of items 2, 3 and 4.
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Amer.ican Railway Engineering Association
Engineering Division, AAR 4-2-6.3

TOLERANCES FOR INSPECTION OF RAIL FOR WELDING—NEW
‘ AND MAIN LINE RELAYER RAIL
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TOLERANCES ‘FOR'I'NSPECTION OF WELDED RAIL-—-NEW AND
MAIN LINE RELAYER RAIL
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American Railway Engineering Association
Engineering Division, AAR 4-2-5.5

'INSPECTION AND CLASSIFICATION OF SECONDHAND
RAIL FOR WELDING

1969
(Adopted 1969)

A Beld inspection should be made while the rail is in service, and all rails
containing severe engine driver burms, anchor nicks, excessive wear on the rail base
or other visible®fiaws should be rejected for welding. It is recommended that a rail
flaw detector car inspect the rail immediately preceding the rax] recovery, with no
more than 60 days maximum interveaing. .

Some railroads miey choose to pick up rail out-of-face, while others may
choose to pick it up in two or more phases. It is recommended that the rail selected
for welding be picked up in such a manner that the rail wear pattern in the CIWR
string will remain approximately the same as it was in original service. One method
to keep the rails in an orderly manner with respect to their wear patterns is to
mark the north or west rail 2-4-5 etc., and the opposite rail 1-3-5 etc.

Some railroads remove jointed rail in quarter mile sections, then upon arrival
at the welding plant the joint bars are removed. Joint bars, bolts and washers may
be salvaged as repair material or the rail may be cropped witkout ramoving the
joint bars. Ir the latter case, the two short pieces of rail, bars, bolts and washers
are scrapped as a unit. The rail is carefully inspected after cropping, and rail not
suitable for welding is removed. However, some engine driver burns are oxyacetylene
welded to upgrade the rail. .

When the rail amrives at the welding site, a qualified rail inspector should care-
fully inspect the rail for head wear, corrosion, base wear, sweeps, kinks or zny
other defect that mav lave escaped detection in the previous inspection. Rail for
each CWR string must be matched to have the same height and width of head
within % in.

It is recommended that the rail be stored straight end level on a firm base and
each Her stripped in four places.

The following restrictions are recommended:

1. Minimum rail Jergth chould be 27 i1t after cropping

2. Excess oils, grease, tars, etc., must be removed from the rail before
welding.

3. Non-control-cooled and control-cooled rail should be welded separately.

4. Maximum head flow should be X in on each side of the rax] if s]nea.rs are
used to remove the upset metal. '

S. Grade crossing rails must be free of corrosion or rejected for weldmg
except for yards or similar tracks.

8. Bclt holes and bond holes must be eliminated by cropping.

7. After cropping, both ends of the rail should be inspected for piped.
condition. ' '

3 References, Vol. 70, 1969, p. 437,
1969 '
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RecoayENDED Rail Grapive CLASSIFICATIONS
Rail. favdiorem Rad) Weer-Inches
Weisht Tos " Qage General Rail Use & Redl Comdition
.- Class I P
e 1L /L 1/2 ¥ain Line use = Very rinor engine
23z-131 3/16 1/2 ) ’
o122 5/32 /16 burns and corrucation.
15 1/8 3/8
1z . 1/8 /4
100 1/8 1/8
90 1/e 1/8
Clgss IT ’
3/8 3/4 Branch lines ~ Small engine burns
13217 5/16 3/u
. 122 YA 3/L and corrugation,
. 035 5/1f> 3/4
12 5/16 1/2
100 3/26 1/4
%0 Y/ 3/16 .
Class IIT
o 5/8 7/8 -
132-13) /16 /8 .
122 1/2 /8 Llight Branch lines -~ Mediuno engine
115 3/8 2/
z 3/8 3/4 burns and corrugztion, may be
100 1/4 /4 .
9% 5/16 5/16 pitted and show some oxidation.
Class
10 3/4 1 Tards.,
132-131 9/16 1
2 hny burns not mashed or fractured.
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American Railway Engineering Association 4-2-6.7

THERMITE WELDING—RAIL JOINTS

1971
(Adopted 1971) ‘

: GENERAL

The ASA Handbook and Webster ‘defne thermite, t_hermitf‘ reacticn and ther-
mite welding as follows:

THERMITE—A mixture of finely divided alumirum with an oxide of iron or other
metal.

Tueraare Reacrion—Strongly exotbermic self-propagating reaction where finely
divided alumipum reacts with a metal oxide. A proper mixture of aluminum
and iron oxide produces suficient beat to weld steel.

THERMITE \WELDING—Welding with heat produced by the reaction of aluminum
with 2 metal oxide. Filler metal is obtaired from the reduction of the appro-
priate oxide.

\When iznited, the reactior. within the thermite misture develops 2 temperatue
approaching 5000 F and produces a filler metal of about 53300 F which, when in-
troduced into a gap between the rails, welds or fuses the ends together. The reac-
tion metal is generally iron which bas been enriched with allovs to produce a Sller -
metal assimilating the characteristics of the rail steel being welded.

In 2ll aluminotbermic or thermite welding processes, the reaction takes place
in a separate crucible or in 2 reaction chamber integral with the mold. When
complete, the resultant metal is tapped, either manually as in the European proc-
esses, or is self-tapping as in the United States processes, into disposable prefabri-
cated molds properly placed over the opening between the rail ends prevxous]y
prepared for the butt welding.

Preheating, an important part of thermite welding, is applied differently by
the various rail welding processes available today. Separate preheating equipment,
operated independent of the reaction crucible, along with accessory clamps, etc., is
common to the foreion develnped svstems, while United States orocesses empls:
sheli miclds, in one case vrovided with au e:othermic binder in tl.e meld to be con-
sumed as the preheater, while in another case the preheat is supplied by an initial
portion of the filler metal washing the rail end faces as it passes through the joint
gap to a sump provided in the mold beneath the base of the rails to be welded.

Small band tools, luting material, and cutting and gnndmg equxpment -are
required with all processes.

. WELDING
The basic requirements for thermx'te welds are:

1. Remove moisture and all forexgn substances such as dirt, grease, loose
oude slag, etc., from the weld area.

’P\eferences. Vol. 72, 1971, p. 187,
3 Latest page consist: 6.7 to 6.9, incl., (1975).
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4-2-6.8 Rail

2. Align rail cnds properly. Joint gap and lateral and vertical positioning of
the ends are very important. -

&3

. Apply mold in exact location over rail gap and propesly seal.

. Follow dctailed instructions of the qualified thermite process without
deviation.

)

. 1t is assumed that fotatiop of impurities in the crucible and the mold,
and proper gating and feeding, are provided for in the equipment and
instructions supplifd with the thermite package.

ot

Followinz are mirimum requirements for quality welds, good track aliznnient
through the weld, and satisfactory riding choracteristics over the welded joint:
1. The-rail end faces should be squzre to the running surface of the rail.
Iz order io obtain this conditica, e rail should be properly aligned
first if the gap is to be cut in track, or pre-cut square rail ends should
be properly aligned and spaced. :
"2, The gap between the rail end faces should be between % inch and 1
inch, depending on the welding process and rail section involved.

3. The joint gap may be either flame, saw, or 2brasive-disc cut. Flame
cuts should be reasonably smooth. A precaution should be observed in
the case c¢f flame culting in that the weld s;hould be-inade within an

- lour in orcer ty prevent deep thermal cracks from foiming on the
flame-cut rail end faces.

4. All burrs should be removed from the cut rail ends at the joint gap, all
fins and head metal flow in relayer rail ground away, and loose oxides
and foreign material removed from the weld area surfaces for at Jeast
5 inches back from the ends of the rails. This permits close fitting of the
molds and reduces contamipation of the weld.

ot

SufSicient preheat to promote good fusion is desirable. Preheating strictly
to prescribed times is desirable. Prehezting may be accomplished with a
propane-oxygen Same, a generated gas flame, a higher temperature fller
metal, or by the initial filler metal passing over the rail end faces into
a sump. ‘

€. The p-efahricated melds used in any cf the prca-sses shoddd be cen-
tezed esactly with the center of the reil sap. .

7. The luting or sealing of the molds to the rail should be performed with
care so that the Jubng material is not introduced into the weld
chamber. It has been found practical and economical to use ear and
locomotive sand mixed with western bentonite at a proportion of 4:1
with a minimum of moisture in the mixture. The sand specification js
AAR M-916-51.

The crucible or reaction chamber should be drv and clean at all times.

L4

9. In the case of the processes in which the filler material is tapped manu-
ally, it is desirable that the metal shbould not be tapped until the reac-
‘tion is completed 2nd the slag has separated from the fller met

10. After the molds have been removed, the excess weld metal should be

chiseled off and ground to match the rail contour, at Jeast on the top




Rail 4-2-6.9

and sides of the head. At no time is it permissible to use a cutting torch
to perform the above operation.

11. The use of X-ray or ultrasonic equipment to evaluate the quality and
soundness of the ccmpleted weld is recommended.

In order to cope with all possible conditions which may be encountered when
welding joints in connection with rail laying operations, the vse of a hydraulic jack
is recommended. The jack is installed after the rail is aligned and before a gap is
cut, if pecassary. The jack will protect the weld against sudden ammospheric changes
and hold the gap in rail which may have been heated to provide a median rail
laying temperature. The jack tension rods should be protected arainst higher ambient
temperatures caused by the preheating or crucible reaction.




4-2-6.10 AREA Manual for Rajlway Encineering

'RECOMMENDED FIELD REPAIRS TO PRESSURE
" BUTT WELD FAILURES

1973
(Adopted 1973)

The following procedure is based on providing a proper rail temperature
adiustment in accordance with 1oca\ established requirements.

1. Pepsair by cutting in a short section of rail with the application of standard
joint bars:

{a} Deiermine if a CWR temperature adjustment is necessary by consuliing
rail lsying temperature records and other track condition data that may be
available as a result of past track inspections or experiences.

{b) lf,necessary, proceed with the adjustment in accordance with standard
practice.

{¢) Promptly secure the C\VR ends 1o prevent further movement. It is rec-
ommended that additional rail anchors be applied to the CWR ends for a sufficient

distance to protect against rail-end movement in either direction.

(8) Saw cut the CWR, or Bame cut if approved, on each side of the failed

weld to obtain an opening for 1 short sectien of rail. I¢ is recommended tha: the

short rail be one-half the standard rail lenzth to 38 ft long or at least. 5 ft shorter

‘then the standard length. If Bame cut, the cut should e reasonably smooth. Smooth

by polish grinding if necessary.
" {e) Cut a rail ‘o the desired length.

(f) Bevel all cut rail ends.

{g) Promptly place the short rail into tlxe opening and spike it in place.

(h) Drill bolt holes of standaid size. It is recommended that a templet be
used to inseribe the bolt hole }ocations. Drilling through the joint bar holes is not

" recommended.

(i) Dress the. edges of the bolt ho]es in accordance with standard pracuL&
(i} Install standard joint bars fully belted. .

(k) Adjust the rail anchor pattern to conform with standard practice.

(1) If in track circuit territory, install any necessary bond or connection

wires,

{mi 'n a stretch of rew rail, if we rai’ surface nas not leen suffciently
work bardened, it is recommended that all cut rail ends be end hardened at_ this
tisne.

2. Repair by cutting in a short scction of rail and thermite welding the rail ends:

(a) Proceed as outlined in paragraphs (a) through (e) above, except it is

"recommended that the short rail be at Jeast 10 ft long or longer, preferably one-half

the standard rail length.

(b) Promptly place the shott rail into the opening, spiking it in place.

{¢) Line up the rail ends to match, and block or wedge rail ends on each side
of the joint sufficiently to maintain 2 good match for thennite welding.

* References, Vol. 74, 1973, p. 148.
' Latest page consist: §.10 anc 6.11 (1972).
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(d) Proceed with thermite welding in accordance with standard practice. (See
Thermite \Welding—Rail Joints, Chapter 4 of the Manual, covering minimum
requirements jor making quality welds, good track alignment through the weld and
satisfactory riding characteristics for thermite welded joints.)

(e) In cutting the opening for the short rail, the rail ends (joints) should fall
in the center of a tie crib and/or ties moved as necessary for the free unobsiructed
application of the thermite weld mold.

(f) Adjust the rail anchor pattern to conform with standard practice.

(2) If in track circuit territory, install any necessary ccnneclion wires.

(h) If 3 C\VR adjustment has been made or is not necessary but conditions
do not permit thermite welding at the time, then drill the rail ends for the temporary
use of standard joint bars with the eaception of the Brst bolt holes of the rail ends.
Omitting these holes will permit thermite welding later without further rail change.
Adjust the rail anchor pattern to conform with siandard practice for bufier rail.
Follow with thermite welding as promptly as conditions permit.

If 2 C\VR adjustment is necessary but conditions do not permit it at the time,
it is recommended that thermite welding be postponed. Cut in a short plug rail of
approved length. Drill all rail ends for the application of fully bLolted standard joint
bars. Adjust the rail anchor pattern to conform with standard practice for bufer
rail. Follow with C\WR adjustment and thermite welding as promptlv as conditions
permit.

Gene:al

(a) Before proceeding with repairs, thoroughly inspect the C\WR and track
condition for a sufficient distance to determine gencral 4rack and rail condition, rail
anchor performance, ballast condition, track alignment, rail tension or compression,
etc. Any condition found warranting correction should be corrected at that time
or the necessary safeguards taken to provide for the safe movement of trains unti
it is corrected.




BRITISH STEEL CORPORATION
MATERIAL CERTIFICATION

A-25



~(.C-'\/-/_‘- (2 2L YR of I /'/".

British Steel Corporation Inc. 7-&. Dy ""'
Diesser Tower ) *QT;«C?L ol
‘601 Jeflerson

Houston, Texas 77002

TeMpnone 7136591000
Domeshc Teiex—775 298

30 April 1981

Mr. Ed Tuwulty

Mandger; Capital. Procuredient

Massachusetts Bay Tra nspertaticn Authorlty _

* Materials Department : : : o . ' .
80 Broadway '

Everett, MA 02149

RE: Foimal Contract Nd. ISO—UMTA
. , Project No. MA-03-0057
T _ BSC Order No., 73874 CF

Ceutlemen,
We would draw your attention to the above mentioned contract.

The mill advise that the vessel, "The Melton Challenger" sailed on Friday, the
24th of Apxil. They also adv1se that the-vessel will call at Five Islands,
Nova Scotid, Canada, before balling for Boston. The vessel is due into Five
Islands on the Sth of May which would indicate that arrival in Boston will
probably be either the8th or 9th of May. We will, of course, keep you fully
1nformed on the vessel s progress. .

Please find enclosed a copy of the tést certificates covering the entire shin-
rment. we trust that this meets with your approvdl, however, should there be
any questions please do not Hesitate to contact us.

Yours sincerely,

BRITISH ,TFEL CORPORATION IN

Alan Brigg
Product Managcr, Rail & Track Products

_¥</Z v\ b’\'ﬁ%}j

AB/lam
Enclosures

RECEIVED

ce: Mr. T. J. Murray ) - 5 1Yyl

TRACK IMPROVEMENT"PROGRAM

. A-26
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cphone 0900 - 4321

 Tolex 64147

,s Bay, Workington, Cumbria, CA14 SAE

TEST CERT!FICATF

BSC INC (Mm‘,\) ON 115 RE FB RAILS 17.’, cmtonnm QU\LI’I‘

O/NO 7387’: CF

22 Apnl 1981 .

Le-Y

e oA CONTROLEED-COOLING—APPLTED — . DATE
il ANALYSIS FALLING WEIGHT TESY TENSILE TEST,' ,
V/1. Tonnes Bearer . Hy
. W Nnd ™ ‘,E" | Redr .1 BEMARKX
. S . Ma. N TS = oSt | Yield Steess - ong Area ‘e ;
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T ' i ' — T
255.1.33__1.0302.016. [.1.09_} 1.05. B 5 O PR S AU A P A\
735,25 |.,030 1,010 | .98 }1.01 321 sid
{«7101.33 ].030 |.C2h | .9G |{1.006 331 o .
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| .7550.29 1,025 [.021 {1.12 |1.25 331 K
1.7151.26 1,026 1,021 |1.03 {1.09 321 T -
.7201.33 1,025 [.024 |1.11 [1.11 321
_7°%51.31. },030_[.023 }1.30 }1.10 331 '
.725(.29: [,026" |,023 | 1.10 [1.15 321 | 5
l7"o .37 ._031‘ ,023 099l 1-09 3"1 L 3 1
_ALL{ATLS YLTRASNICALLY TESFED .
REPRISENTING 127(.6627 [FONNES| .

A _
lied” by ____.T/ al4 VJ;A’\_.__. .

{Chiel Chemist).

Tested on behall of il a\hbve W

TR
..’L.'Iol"., [

in the mecenrs of



QUESTIONNAIRE
RAIL PULL APART INVESTIGATION

Have you experienced a recent increase in the rate of pull apart
failures?

If yes, what has been the rate increase and describe any predominant
factor associated with the failures?

If no, what rate is considered typical, and is there a predominant char-
acteristic, and what is it?

What type of rail material/suppiier do you use?
What sizes and specifications do you use to procure the rail?
What shop we]d'and/or field weld processes and subp]iers do you use?

What specifications, requirements, or quality control procedures for
incaning materials so you use?

Do you use the same processes for welding high chrane to high chrame,
high chrome to controlled cooled and controlled cooled to controlled .
cooled? If no, what are the differences?

A-28



9. What cable attachnent method ahd suppliers do you use?

10. Is the 1ocat1on of cable w1th respect to the ra11 contro]led’ I% §%s;
where on the rail i it attached.

1. ihat proceds controls bf procedires do you dse for FiE1d wWelding?
12, ihat crew Cértitication or tralhifg reqirenents do y6u Use?

13, What weld factors db you consider criticdi?

4. iihak {Rgpeckion reqdrsieRts @b you user

15., Do you use any per1od1c 1nspect1on procedure’ If yes, th% do yo use
and how often? |

NOTE Please use additional space for rep11es as necessary for a conplete
answer.
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. LIST OF TRANSIT PROPERTIES AND RAILROADS
CONTACTED DURING THE RAIL PULL APART INVESTIGATION

Chicago Transit Authority
"Mr. T. L. Wolgemuth -
Manager, Facilities Eng1neer1ng and Maintenance

'Engineering Department
P. 0. Box 3555

Chicago, IL 60654

- Greater Cleveland Regional Transit Authority \

Mr. C. S. Cross.

Superintendent of Ra11 Operations
- 615 Superior Avenue, NW
Cleveland, OH 44113

New York City Transit Authority
- Mr. C. Kalkhof '
Vice President and General Manager, Rapid Trans1t
370 Jay Street .
Brooklyn, NY 11201

Port Authority of Allegheny County
Mr. E. A. Totin, Jdr.
Facilities Eng1neer
Maintenance Department
Beaver and Island Avenues
Pittsburgh, PA 15233

Southeast Pennsylvania Transportation Authority
Mr. C. L. Stanford
Chief Engineer - CTD
200 Wyaming Avenue
Philadelphia, PA 19140

Boston and Maine Corporation
Mr. V. R. Terrill )
Vice President, Engineering
No.’ B1]1er1ca MA 01862

Canadian Pacific, Ltd.
“Mr. J. Fox
Chief Engineer
P. 0. Box 6042, Sta. A
Montreal, PQ H3C 3E4 Canada

Quebec North Shore and Labrador Railway Company

Mr. T. McElroy .

Superintendent, Ma1ntenance of Way
P. 0. Box 1000

Sept. Iles PQ GAR 4L5 Canada~
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LIST OF TRANSIT PROPERTIES AND RAILROADS

CONTACTED DURING THE RAIL PULL APART INVESTIGATION (Cont1nued)

9. sap Manuel Ar1zona R. R. Conpany
- Mr. M R. E]]1ot '
Super1ntendent

' . Box M

.San Manue] AZ 8563]

A-3]
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APPENDIX B

TEST DATA OBTAINED DURING LABORATORY
PHASE OF THE INVESTIGATION

PAGE NO.

Results of Visual Examination of Fail Rail SampleS....ceeeeeesesssesB-1

Load—Def] ection CUY'VQS - S] OW Bend‘TeStSo ........ ‘.--.oco -.. eoescesnoe ..B-13
Hardness Data - Test Welds..... cecencns ..............;., ...... ceesesB-16
Temperature Data-TeSt Ne‘lds...oo--o...-.nooo.-‘..noto.o_ ..... .o..-oo.B-zs



RESULTS OF VISUAL EXAMINATION OF
FAILED RAIL SAMPLES
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MBTA RAIL FAILURE INVESTIGATION

' SPECIMEN NO. _
RAIL TYPE

FAILURE LOCATION NSLD

TYPE OF WELD CALOR \TZ ___ GAP USED
% UNFUSED METAL 3 '

s — —
~~ PROBABLE CAUSE OF FAILURE CACE. oF Foaiol AT RoTiom oF WEE
- COMMENTS: R _




MBTA RAIL FAILURE INVESTIGATION

" SPECIMEN NO. #4!02 42
RAIL TYPE. o A __ Ac#
s e
(F/';Lf #

FRACTURE APPEARANCE

"AILURE LOCATION 1/1/21,0 (#42 )

“TYPE OF WELD /JA/K_,,UD Vi —  GAP USED _

% UNFUSED METAL

PROBABLE CAUSE OF FAILUREM&ML& AT w’cmrzb %.Mfé
COMMENTS::




MBTA RAIL FAILURE INVESTIGATION

- spcnvey o, B4 4.
BAIL TYPE - e -~.A-.:.-~. pE Ty ,—" E O ¥ g ety p P S

FRACTURE APPEARANGE

AILURE LOCATION WELD

TYPE OF WELD

| _»
& GAP USED W . S
Fa |

% UNFUSED METAL HQ‘ , . A
PROBABLE CAUSE OF FATLIFE LAC K. o FuSiati Pus To 18 ADE Auca P
COMMENTS ; S o T TR ARATE PR
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MBTA RAIL FAILURE INVESTIGATION

SPECIMEN NO. 51 AR

RAIL TYPE (L5 # i

-FRACTURE APPEARANCE

~
T ‘....‘,..:J.v‘T

.~ FATLURE LocaTIoN (s

TYPE OF WELD  CALoRETS. GAP USED
-9 UNFUSED METAL Fe - B0 Fo ‘
E

PROBABLE CAUSE OF FAILURE (Ac k. OF FusonN

COMMENTS: — e o
: o




MBTA RAIL FAILURE INVESTIGATION

sEcMEN NO. . A% iB
RAIL TYPE s -

FRACTURE APPEARANCE ‘
Mot Pororen

FAILURE LOCATION . V\l AR

TYPE OF WELD N< -——MLM LT ) GAP USED
. % UNFUSED METAL

PROBABLE CAUSE OF FAILURE m@._& Mg-—, A:L» Bssb) QUJ—

COMMENTS: Pbss




MBTA RAIL FAILURE INVESTIGATION

SPECIMEN NO. - #Q, AR
RAIL TYPE Py i

FRACTURE APPEARANCE

 FATLURE LOCATION WA= %#‘R’ Boitd

TYPE OF WELD GAP USED

% UNFUSED METAL .
PROBABLE CAUSE OF FATLURE @
COMMENTS :_ | SR




MBTA RAIL FAILURE INVESTIGATION

" SPECIMEN NO. —# 7 AR
RAIL TYPE : ’

FRACTURE APPEARANCE

FATLURE LOCATION QWS EA\L RBodd
TYPE OF WELD GAP USED
% UNFUSED METAL

PROBABLE CAUSE or FAILURE WonB -
COMMENTS : _griacierieams -
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MBTA RAIL FAILURE INVESTIGATION

SPECIMEN NO. A d AR
RAIL TYPE T N

FRACTURE APPEARANCE

,B D Sch
o)

>
FAILURE LOCATION BUS AR Eotd™

“’TYPE OF WELD GAP USED

% UNFUSED METAL

PROBABLE CAUSE OF FAILURE | o '
COMENTS: _toR Broads S8 TuS BAR. S Ravc /2oy 2D 07
‘ Effflk._ Qcels RPucesp oFRR
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MBTA RAIL FAILURE INVESTIGATION

| - SPECIMEN NO. | A 9 .

_ "RAIL TYPE 215 &

FRACTURE APPEARANCE

)
FAILURE LocaTIoN WS LD
TYPE OF WELD CALOR\TZ

GAP USED

% UNFUSED METAL =& 976 . .
PROBABLE CAUSE OF FAILURE ( A~ € oF FEuSiop) (A VOl
~ COMMENTS:
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MBTA RAIL FAILURE INVESTIGATION

SPECIMEN NO. 4 JO : A
RATIL TYPE * ‘ ,,3;/3;5

FRACTURE APPEARANCE

_~AILURE LOCATION ¢l : '

TYPE OF WELD C‘%)_ZL/[) 075, GAP USED
% UNFUSED METAL ' £L0 /o '
PROBABLE CAUSE OF FAILURE LACK ©OF FuSion) (K CsOTRA- B Weg -
COMMENTS: Po e o ‘ 4
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. MBTA RAIL FAILURE INVESTIGATION -

SPECTMEN NO. | # /., a
RAIL TYPE 77

FRACTURE APPEARANCE

“FAILURE LOCATION Il/étp

TYPE OF WELD
"~ % UNFUSED METAL

GAP USED

~'PROBABLE CAUSE CF AR- BeTtorn oF WER,
COMMENTS 2 okl Lol BB :




LOAD-DEFLECTION CURVES
SLOW BEND TESTS
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HARDNESS DATA FROM
TEST WELDS
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TYPICAL TEMPERATURE DECAY
OF TEST WELDS
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APPENDIX C
~ NON-DESTRUCTIVE ULTRASONIC INSPECTION

PROCEDURE AND RESULTS
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ULTRASONIC NDI PROCEDURE
-BOSTON RAPID TRANSIT SYSTEM RAILROAD RAIL INVESTIGATION

INSPECTION OF RATLROAD RATL WELDS

Summagz'

~An NDI method was ‘required to determine the material integrity of
the Calorite and Thermite 'weldments in railroad rails. A contact
ultrasonic anglebeam/shearwave inspection technique was developed
to meet this requirement for in-hguse inspections The technique
requires off the—shelf ultrasonic test: equipment and 'a transducer

with‘a 459 plexiglas refracting wedge. For’ calibration purposes'

a reference standard was developed with the reference flaw having
_dimensions of 0. 5" long x 0.050" wide. x 0 125" deep (Figure 2)

The attached procedure describes the. technique with an enclosed
table (Table 1) showing results determined from the inspections

performed on test welds. "A data ‘sheet (Figure 3) was also used
,to record results of each inspection.

PREPARED BY: . = APPROVED BY:




1.0

INTRODUCTION

The Boston Rapid Transit System's tracks are formed by welding sections

of railroad rails together, Seasonal temperature changes cause the tracks
to expand and contract. This constant expansion and contraction induces
stresses into the weldments of the rails., Initial designs compensated

for the stresses involved. Vought Engineering has been awarded a contract.
to investigate the problem and develop welding procedures that are appli-
cable to both hot and cold weather. The investigation is being conducted
with sections of standard rails using standard field welding techniques.

To date several rails have been welded, with each weld having individual
processing characteristics. After each weld had been fabricated and
scale removed, the NDT Lab was then requested to provide ultrasonic data
in an effort to determine the integrity of the weld. Each rail was then
subjected to destructive tests to determine weld strength.

EQUIPMENT AND STANDARDS

A Krautkramer-Branson USL 38 ultrasonic instrument with a 0.5" x 0.5"
2.25 MHZ 45° anglebeam transducer was employed in the inspection of the
welded rails. Engineering furnished the NDT Lab with a section of rail
containing a reference flaw having dimensions of 0.5" long x 0.050" wide
x 0.125" (Figure 2). :

PROCEDURE

An inspection technique was developed using a contact anglebeam/shearwave
ultrasonic method. The ultrasonic instrument was calibrated to obtain

a full screen (100% vertical scale) reflection from the end of the rail.
The time delay was adjusted to position the received signal at the tenth
division of the horizontal scale (Figure 1). The instrument was then
calibrated to -obtain an 80% vertical scale reflection from the reference
flaw,

The rails were then inspected from both sides of the weld and results
recorded on a data sheet (Figure 3). Ultrasonic results on all inspected
welds have been compiled and are shown in Table 1. After ultrasonic
inspections were completed, each welded rail was subjected.to destructive
tests., Visual examinations were conducted on the welds after destructive

tests, good correlation was evident between the visual and ultrasonic inspec-

tion results.



4,0 CONCLUSION

Through the correleation of data made from visual and ultrasonic inspections,
the contact ultrasonic shearwave method has been shown to be an acceptable
- as well as practical nondestructive-inspectioﬁ technique that is readily
“available. ‘ ‘ '

C-4
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W3 VOUGIHT CORPAORATION

i SUSIEMS CIVIsIon

s e WDI SPECIAL TECHIQUE

PROGRAM: ) _ o NDT METHOD:
RATLROAD RAIL INVESTIGATION o ULTRASONIC

_PART NAME: : PART NUMBER: TYPE:

RATL WELDS

REFERENCE DOCUMENTS: '
Test Request WP No. T46N

1.0 PURPOSE

To inspect subject rail weids‘for discontinuities.

2.0 SCOPE

All Boston Rapid Transit Rail Systems

3.0 REFERENCED DOCUMENTS .

3.1 Test Request WP No. T46N "Rail Pull Apart Investigation"

4.0 EQUIPMENT REQUIREMENTS T e S

4.1 The following equipment and accessories are necessary to perform
the aforementioned inspection:

. 4.1.1. Krautkramer-Branson Model USL 38 Ultrasonic Flaw B
Detector Unit or equivalent. T -

4.1.2 Harisonic 2.25 MHz, 45° ST shear, 0.500" X 0.500",
Type ABM0208 Transducer or equivalent.

4.1.3 Ultrasonic couplant (Echo Lab Sonotrace 30 or equivalent).

-
=

’ 570‘ ENCLOSURE

-

5.1 Figure 1; Calibration setup.

6.0 INSTRUCTIONS

6.1 Calibrate ultrasonic flaw detector unit on reference standard provided.

APPROVED: ) . DATE:

2-42032
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QUALITY ASSURANCE

ADDENDUM 1
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"' "1 H
lozl 1548

(Coxt.)

* ———

6.1.1
6.1.2

“

6.1.3
6.1.4

scale are considered reJectable.w.

NE*

Adjust ultrasonic unit REJECT or DAMP control for minimum
amount required for fairly clean baseline.- K

Place transducer on standard as shown in Figure 1 for position 1.
Position the 1eading edge of the indication from bottom of
standard at approxﬁnately 100/ of . the horizontal scale as
shown in Figure 1L, Display A. <

Place transduer on standard as shown in Figure 1 for p051t10n 2.

6.1.5 Adjust ultrasonic unit for reference indication (flaw) of
AT approximately 80/ of" vertical scale as shown 1n Figure 1
Display B. . .

6.2 Position transducer on subject rail to be inspected.

6.3 Scan subject rail weld from both directions.

6.4 Record any discontinuity indications (if any) for size and location
on the NDT R & D data sheet.- «

6.5 Any indications of discontinuity sizes greater than

— 4% of vertical

DR R e s |

2°42031
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0L-2

Number Of - : 1. .
‘Indications Type - . Size Location Of Weld % Screen Height
c-1 1 Porosity or Inclusion ‘0.050" N Middle ' ‘Unavaillable.
c-2 2 Porosity.or Inclusion | Not.Determined Middle Unavailable
c-3 1 Flaw, Porosity 5.0" Length 90%
Cc-4 . 2 Porosity s - 3.,0" ‘Bottom 20% - 50%
C-5 2 Flaws ‘3.0" Bottom _ 0% —70%
c-6 -6 Porosity 0.050" ‘Top, Middke, ‘Bottom ~'30% - [100%
c-7 4 Porosity 0.050" ‘Middle, Bottom , '20% - 40%
c-8 6 “Porosity, ‘Flaw 2,0", 1.0" "Top, ‘Middle, Bottom 204 ~ 90%
c-9 1 Porosity Not Determined - .Bottom | 102
c-10 .
c-11 2 Flaws .3.0" Top ‘80% -'100%
T-1 2 -Porosity, Flaw :2,0" Bottom 20% - 50%
' 3 Porosity, Flaw - .| o" ‘Top, Middle

504 ~'100%

ﬁETRASONIC%RESULTSﬁOFFRAILmWEﬂDS

‘TABLE ' 1

1 WnanNdady
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