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ABSTRACT. This investigation was under- 
taken to improve the relationships be- 
tween the factors that control strength, 
ductility and hardness of commercially 
pure (CP) titanium welds. New oxygen 
equivalent equations were developed by 
using statistical regression analysis on 
data from mechanical property tests re- 
moved from single-pass, autogenous 
welds. A range of weld compositions 
were produced by alloying the gas tung- 
sten arc weld pools on Grade 2 material 
with shielding gases that had small addi- 
tions of air or CO2. The investigation eval- 
uated the effects of cooling rate, intersti- 
tial element (carbon, hydrogen, oxygen 
and nitrogen) content and iron content. 

Three cases were used during the re- 
gression analysis to determine which fac- 
tors were needed to relate weld proper- 
ties. The best oxygen equivalent (OE) 
equation correlation was obtained using 
Case 1, which related all the factors - -  
oxygen, nitrogen, carbon, hydrogen, iron 
and cooling rate--  to weld properties. A 
series of Case 2 analyses generated sepa- 
rate OE equations that related the effects 
of primary factors - -  oxygen, nitrogen, 
carbon and iron - -  to each individual 
weld property. These equations made 
small improvements in the correlation co- 
efficients compared to a single equation. 
The third case used a single OE equation 
that related the effects of the primary fac- 
tors. The relationships developed during 
this work show that Rockwell B hardness 
measurements can be used to assess the 
quality of CP titanium welds. 

Introduction 

Commercially pure (CP) titanium is 
strengthened by the interstitial elements 
oxygen, nitrogen and carbon, as well as 
by the solid solution strengthening ele- 
ment, iron. The ASTM specification com- 
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position limits and mechanical property 
requirements for the four grades of CP ti- 
tanium are shown in Table 1. The primary 
difference between these grades is the 
oxygen content that acts as the primary 
strengthener. Hydrogen is also typically 
present in CP titanium as an impurity at 
less than 50 parts per million (ppm). 
Commercially pure titanium has small 
iron additions, which are reported to in- 
crease strength and improve resistance to 
hydride embrittlement (Reg. 1,2). The ef- 
fects of iron content on the properties of 
titanium weld metal had not been re- 
ported in the literature. Iron is a beta sta- 
bilizer and promotes globules of retained 
beta in the alpha titanium matrix. Since 
beta globules must be minimized to op- 
timize the corrosion resistance of CP ti- 
tanium, the maximum ASTM specifica- 
tion iron content for Grade 2 titanium is 
0.30 wt-%. It has been the experience of 
the researchers that many commercial 
heats of Grade 2 titanium typically have 
an iron content in the range between 
0.03 and 0.11 wt-% and an oxygen con- 
tent range of 0.10- 0.15 wt-%. 

In 1955, Ogden and Jaffee (Ref. 3) de- 
veloped an OE equation based on their 
study of binary alloys between titanium 
and oxygen, nitrogen or carbon. Their OE 
equation is as follows: 

OE = O + 2N + 2/~C wt-% 
Figure 1 shows how this equation re- 

lates the combined effects of oxygen, ni- 
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trogen and carbon to an equivalent 
amount of oxygen and to the hardness of 
wrought titanium. The equation shows the 
effect of nitrogen on hardness is twice as 
potent as oxygen, and the effect of carbon 
is only two-thirds as potent as oxygen. 

The OE equation Ogden and Jaffee 
developed has been applied to evaluate 
the properties of titanium weld metal in 
several earlier investigations (Refs. 4-6). 
These investigations studied single-pass 
gas tungsten arc (GTA) welds with differ- 
ent levels of oxygen, nitrogen and carbon 
that were made by adding small percent- 
ages of either air or CO2 to the argon 
torch shielding gas. This experimental 
technique increased the interstitial con- 
tent and through-thickness mechanical 
properties of full-penetration welds made 
in CP titanium sheet. Longitudinal weld 
metal tensile tests were used to evaluate 
weld strength and ductility. These prop- 
erties were then related to the above OE 
formula. Two levels of thickness of tita- 
nium sheet and welding procedures with 
different weld metal cooling rates were 
used in prior investigations (Refs. 4, 5). 
This work appeared to show that welds 
using cooling rates of 10 and 15°C/s re- 
sulted in different levels of strength, duc- 
tility and hardness as a function of OE. 
Cooling rate is known to affect the cast 
grain size of weld metal and is believed 
to have an effect on weld properties since 
the properties of wrought titanium are af- 
fected by grain size and obey the Hall- 
Petch relationship (Ref. 7). It was also be- 
lieved other factors, such as iron content, 
may also have influenced the weld prop- 
erties. Therefore, further work was re- 
quired to determine if cooling rate is a 
significant factor and to evaluate the ef- 
fects of other factors, such as hydrogen 
and iron content, on the properties of ti- 
tanium welds. 

The present investigation was per- 
formed to develop an improved OE rela- 
tionship that could be used to reliably 
predict the properties of CP titanium 
welds. The work includes an evaluation 
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of the effects of higher cool ing rates, hy- 
drogen and iron content on weld prop- 
erties. A structured regression analysis 
was performed to develop a series of 
new OE equations under different con- 
ditions to improve the relationships be- 
tween alloy content and CP Grade 2 ti- 
tanium weld properties. This regression 
analysis was based on the data devel- 
oped in the prior investigations (Refs. 4, 
5) and on the new data that was devel- 
oped in this investigation. Finally, the 
work evaluated whether the relationship 
between weld hardness and OE can be 
used to predict the properties of CP tita- 
nium welds and support development of 
nondestructive methods that can assess 
weld contamination. 

E x p e r i m e n t a l  P r o c e d u r e  

The work focused on Grade 2 tita- 
nium, which is commonly preferred in 
weld ing appl icat ions requir ing good 
strength, duct i l i ty  and corrosion resis- 
tance. A series of full-penetration GTA 
welds was made on the five heats of CP 
Grade 2 titanium, as shown in Table 1. 
Three heats were sheet and two heats 

were pipe material. Weld test coupons 
made from sheet were 24-in. (609.6-mm) 
long and were sheared parallel to the 
roll ing direction. Full-penetration welds 
were made along the longitudinal axis of 
12-in. (304.8-mm) sections of pipe to 
provide test specimens from the pipe 
heats. The heat of 4-in. pipe was selected 
to provide a higher iron content com- 
pared to the sheet specimens and the 
heat of 2-in. pipe specimens. The 4-in. 
(101.6-mm) Schedule 10 had 0.11 wt-% 
iron content and the 2-in. (50.8-mm) 
Schedule 10 pipe had 0.03 wt-% iron. 

The welding tests were made using 
argon shielding gases in the weld ing 
torch that had low levels of either air or 
carbon dioxide (CO2) added. This test 
technique resulted in weld beads of fairly 
uniform hardness through the weld sec- 
tion, indicating complete mixing of the 
interstitial elements added. The compo- 
sition of these gases is shown in Table 2. 
Both air and CO2-argon shielding gases 
were used to systematically increase the 
oxygen (O) and nitrogen (N) or oxygen 
and carbon (C) content to provide a con- 
trol led range of weld metal composi- 
tions. Up to ten test conditions were eval- 

uated on each heat of material by chang- [ 
ing the torch shielding gas. These shield- ', ~' 

I d l  
ing gases in combination with the differ- ! u 
ent heats of material and we ld ing  ' " ,  ,, 
parameters provided 39 different weld I, ,.a 
metal compositions that were tested to .' . 
determine mechanical properties• An ad- I u 
ditional 24 welds were made on sheet I u 
and pipe and used for weld metal hard- : _,- 

testing " - ness . , -, 
The GTAW process was used to make , 

the test welds - -  Fig. 2. Welding para- I a 
meters are shown in Table 3. Full-pene- , c I M 
tration bead-on-plate welds were made i a 
on each heat of titanium in the flat posi- I u 
tion. All welding tests were made with a [ 
trail ing shield attached to a No. 12 torch ~. ~" 

i i l  
shield cup. The majority of weld tests n u 
were clamped in a weld fixture that pro- : -" 
vided argon gas backing. This fixture had ,I ,.© 
a 2- in.-wide (50.8-mm) opening along ' " 
the center of the weld and provided no [ u 
forced cool ing to the weld metal. The i Z 
cooling rates measured using this fixture ., _-- 
were 10 to 15°C/s depending on the i = 
sheet thickness and welding parameters : _- 
(Table 3). High cool ing rate (CR) tests : t, 

I I 
were performed using a water-cooled I u 
copper fixture that sandwiched the sheet n ,, 

I U 

Table 1 - -  Data on Five Heats Used in This Investigation 

13 Grade Nitrogen Carbon Oxygen Hydrogen 
max. max. max. max. 

(wt-%) (wt-%) (wt-%) (wt-%) 

Grade 1 (CP 13) 0.03 0.08 0.18 0.015 
Grade 2 (CP Ti) 0.03 0.08 0.25 0.015 
Grade 3 (CP 13) 0.05 0.08 0.35 0.015 
Grade 4 (CP 13) 0.05 0.08 0.40 0.015 
Heat No. 452141 0.013 0.009 0.10 0.0010 
0.079 in. thick, Gr. 2 
Heat No. 420053 0.007 0.01 0.15 0.0019 
0.118 in. thick, Gr. 2 
Heat No. 455273-03 0.007 0.012 0.11 0.0013 
0.125 in. thick, Gr. 2 
Heat No. R3562 0.014 0.01 0.14 0.004 
4-in. Sch. 
10 pipe x 0.118 in. 
Heat No. 879391 0.0038 0.0032 0.143 0.0009 
2-in. Sch. 
10 pipe x 0.105 in. 

I D 

i m 
Iron Ultimate Yield Elongation ~ u 
max. Stress min. min. ', "2_ 

(wt-%) min. (ksi) (ksi) (%) ; : 

0.20 35 25 24 • _ 0.30 50 40 20 ,. ,, 
0.30 65 55 18 • - 
0.50 80 70 15 '. 
0.07 69.1 46.2 27 -' " 

0.03 73.1 48.6 28 ." _" 
I = 

0.07 73.6 48.8 24 

0.11 86.4 53.2 27 ' '~ 

0.033 71.2 47.0 30 

W E L D I N G  R E S E A R C H  S U P P L E M E N T  I 1 2 7 - s  



I ' .  , . , - - -  4.081 , J  

l , . ~ 1 . 2 5 0  ~ 1.250 - - ~  I " - - - - 1 . 250  

~ - - 1  in. gage length 

F i g .  3 - -  Longitudinal tension test specimen. 

specimen. The copper fixture had a root 
opening of 3,~ in. (67.6 mm) and a copper 
jaw spacing of s/8 in. (15.8 mm) on the 
weld face to maximize the cooling. This 
fixture increased the cooling rate from 10 
to 28°C/s on the welds made on the 
0.118-in.-thick (3-ram) sheet with the 
welding parameters shown in Table 3. 

Weld cooling rate was 
measured by injecting a 
tungsten-rhenium type C 
thermocouple, which was 
0.020 in. (0.5 mm) diame- 
ter into the weld pool of a 
weld test. The cooling rate 
was determined between 
the temperature range of 
500-800°C (932-1472°F). 
After welding, the weld as- 
semblies were then sec- 
tioned into test specimens. 
The cooling rates mea- 
sured in these tests were 

believed to be representative of manual 
and mechanized GTAW on single-pass, 
full-penetration applications. 

Prior to making each weld, the tita- 
nium base materials were thoroughly 
cleaned using acetone and lint-free 
paper towels. Surface oxides were re- 
moved by brushing with an electric 

power tool equipped with a clean, stain- 
less steel wire brush that was used only 
on titanium. The weld joint area and 
weld fixture surfaces were again wiped 
with acetone before each weld was 
made. Each day, prior to welding, a 5 to 
10 ff3/h argon purge was applied for at 
least 30 min and maintained on the gas 
lines for both the torch and trailing shield 
gases to remove moisture. The argon 
back purge required a 20 to 1 dilution by 
volume before welding to assure a pure 
argon gas environment. A root bead 
width criterion of 0.25-in. (6.35-mm) 
minimum was used in parameter devel- 
opment to permit the removal of all weld 
metal tensile specimens. 

Two or three longitudinal weld metal 
tensile specimens were removed from 
each weld. The dimensions of these spec- 
imens are shown in Fig. 3. The 0.25-in. 
(6.35-mm) root bead width criteria as- 
sured that the gauge section of each Ion- 

U I U m | t l  Otrlngth 

100 

90 

8O 

7O 

6O 

5O 
0.1 

UTS • "235"78~1R I ~ +0.6634247"33°em_ + ~ 2 9 " 1 2 8  

- 

[] .03 Fe, 10 C/sec 
• .03 Fe, 28 C/sec 
• .07 Fe 15 C/sec 
• .07 Fe, 10 C/leo 

I o .11 Fe, 11 Clsec 

0.15 ,0.2 0.25 0.3 0.35 0.4 0.45 0.5 
RE = 0 .0~713CR + 0.533C - 8.95H + 2.32N + O + 0.377Fe 

% EIonglUen 

:0 

1o,  

10 

_g 

~,0 
i l  

t o  

o 

0 

o . !  

i [ 
~ .03  FI, 10 CIIoc 

• .03 Fe, 23 C / I l l  

• 07 Fe 13 Cleeo 

• .07 FI, 10 Cl Io0 

' t 
% E l o n g a l ~ n  ~ 5 9 2 . 8 9 o e  • 4 0 1 . 0 7 o e  + 8 1 . 3 5  

R e I 0.701 I 

o.~0 O~ 020 O~ O.aS 0.4 o.46 

RE i O.~07T3CR ÷ O.S~C - 8.05H + 2.32N + O + 0.377F0 

Vloker l  H l r d n o u  

|Ts 

:10 

O J  

o 

0.16 0.1 0.10 0.1 0.30 0.4 0.46 

RE = 0.000713CR + 0.$38C - 3.03N + 2.32N + O + 0.377Fs 

I 

0 . 0 3  Fe. 10 Clseo 
• .03 Fe, 28 C/leo 
• .07 Fe, 10C/see 
• .07 Fe, 11 C/leo 
• .07 Fe, 1SCIIeO 
O . 1 1 F 0 , 1 1 C ~ e ©  

o.1 

TO 

00 
] 
>" 00  

Yield 8~re ngth 

i I  
Y S  : -139.51oej+ 195oe + 2 3 . 7 1 3 i l i •  

R e a 0.9050 ~ ]  

i 

0, ~ "  
0o t I 

0.1 0.18 o.1 o20 0.0 

RE = 0.000713CR ÷ 0.538C - 8.95H + 2.32N + O + 0.377F0 

O.03  Fe, 10 C I 0 ~  

1 . 0 3  Fe, 26 Cleec 

A.07  Fe 15 Cllec 

A.07  Fe, 10 C/ leo  

O . 1 1 F e ,  l l  C/see 

020 0.4 0.46 

% Reduction of Area 

O.03 Fo, 10Cleec 

m.03 FO, 28 Clee© 

&.o?  Fo 15 C/leo 

A.07  F I ,  10 C/See 

O.11Fe ,  11 C/ leo 

0o _-- 

_ 8 1  

0o ~ 0~ LJ D a r  

Io %ROA a 332.1oe e - 435.43oe ÷ 103.91 
m 

/ R e = 0,6762 

0 
0.1 0.10 0.2 020 0.8 020 0.4 0.40 

RE i 0.000713CR + 0.538C - 8.95H + 2.32N + O • 0.377F0 

100 

"ii i 
11 

0.1 

Rockwell  8 Hardne~l  

,b.3,3,,o...2.,, . . . .  o.,321[o I I o  
, , . o . ,  ,,, 

0 .03 Fe 10 C/leo • u ;  L ~ ' 
i . ~ . z  u , ' ; . 0 3  Fe, 20 C/ leo  

1 J ~  A.O? Fe, 10 C/ .eo  
• ~ [ ]  l & .07  Fe, 11 C/leo 

A . 0 7  Fe 15 Clsec 
O . 1 t  Fe, 11 Cllec 
o N D E  .03 Fe, 10CIoeo 
@NeE .033 Fe, l O C l l o c  
• NDE .11 Fe, lOC/ lec  

i J 
o.ls o.0 o20 o.a o.=0 0.4 o.40 0.0 

RE - 0.0007t3CR + 0.538C - 8.93H + 2.32N + O + 0.377Fl  

Fig. 4 - -  OE relationships for Case 1; all factors, general equation for all properties. 

128-s I MAY 2001 



A: 

cn 

100 

90 

80 

70 

60 

50 

0.1 

U l t i m a t e  S t r e n g t h  

I 

A" g .07 Fe, 10 C/sec 
• .07 Fe, 15 C/sec 
0 .11  Fe, 11 C/sec 

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 

DE = 1.12C + 2.59N ÷ O " 0.21Fe 

35 

30 

25 g 
g 20 

N 10 

5 

0 

% E l o n g a t i o n  

[ ]  .03 Fe, 10 C/sec 
• • • .03 Fe, 28 C/sec 

z~ .07 Fe, 10 C/sec 
A . 0 7  Fe, 15 C/sec 
o .11 Fe, 11 C/sec 

n & •  

% Elonoabon = 40 854oe 2 -71.815o~ + 44.8o3 

) R 2 = 0[7837 

0 0.2 0.4 0.6 0.8 

OE = 7.54C + 1144N + O - 1.58Fe 

250 • 

225 

200 

175 

150 
0.1 

V i c k e r s  H a r d n e s s  

rickets = -1472,5~ ÷ 1202.2x - 1,1441 
R = = 0.8798 0 

1 1.2 

D .03 Fe, 10 C/sec 
• .03 Fe, 28 C/sec 

& r n  
~ g  i-1 A .07 Fe, 10 C/sec 

• / ~  A .07 Fe, 11 C/sec 
• .07 Fe, 15 C/sec 
O .11 Fe, 11 C/sec 

0.2 0.3 0.4 

OE = O.97C + 2N + O - 0.37Fe 

0.5 

80 

7 5 .  

70 
== 

65 

~- 60 

Y ie ld  S t r e n g t h  

50 

0.1 

YS = -7B.815oe = + 148.74oe + 32.573 • 

R= = 0.8957 r , ~  

o ~ ' /  O .03 Fe, 10 C/sec 

_ _ _  ~ ,  • .03 Fe, 28 C/sec 

x ~ l l  Z1.07 Fe, 10 Ctsec 
u • .07 Fe, 15 C / s e c  

A / ~  O .11 Fe, 11 Clsec 

0.2 0.3 0.4 0.5 

OE= 1.12C + 2.69N + O-  0.21Fe 

% R e d u c t i o n  o f  A r e a  

60 

5 0 .  - - - -  

4 O - -  

30 

20 

10 

i 

o '  

%R'O A" = 52 16oe= " 100"35°e + 87"583 ~ R  2 = 0.7683 • 

0.2 0.4 0.6 0.8 
OE = 7.84c ÷ 11 44N + O - 158Fe 

rn .03 Fe, 10 C/sec 
• .03 Fe, 28 C/sec 
& .07 Fe, 10 C/sec 
• .07 Fe, 1 5 C/sec 
o .11 Fe, 11 C/sec 

I 1.2 

R o c k w e l l  B H a r d n e s s  

,oo  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
R' = 0.0027 0 

0 Fe 1 0 C / s e c  90 ~ • , 
~ O  ~ • 0 3  Fe, 28 C/sec 

A .07 Fe, 10 C/sec 
88 . & .07 Fe, 11 C/sec 

• .07 Fe, 15 C/sec 
_ J '  O .11 Fe, 11 C / s e c  

80 . - -  O NDE.03  Fe, 10 C/sec 
0 NDE.033  Fe, 10 C/sec 
, NDE.11 Fe, 10 C/sec 

75 . . . .  
0.1 o15 02 0.25 0.3 0.35 0.4 0.45 0.5 

OE = 097C ÷ 2N + O * 0.37F= 

Fig. 5 - -  OE relationships for Case 2; primary factors, separate equation for each property. 

Table 2 - -  Shielding Gas Test Matrix Used For GTAW Welds 

Torch Shielding 

High-Purity (HP) Argon 
Air-Contaminated Argon Mixtures 

-0.21% air 
-0.43% air 
-0.60% air 
-0.79% air 
-0.97% air 

CO2-Contaminated Argon Mixtures 
-0.26% CO 2 
-0.52% CO 2 
-0.77% CO 2 
- I  .00% CO 2 

Trailing Shield Backing Shield 

Argon Argon 
Argon Argon 

Argon Argon 

gitudinal tensile specimen contained all 
cast weld metal. The tensile specimens 
were tested with the face and root surfaces 
of the weld left in the as-welded condi- 
tion. The edges of each tensile specimen 
were milled flat. The tensile tests were per- 
formed to ASTM E8 using a displacement 
rate of 0.05 in./min (0.02 mm/s). 

Specimens were also removed from 
the welds for Vickers microhardness test- 
ing, Rockwell B macrohardness testing, 
metallographic analysis and interstitial 
composition analysis. Microhardness 
and metallographic cross sections were 
prepared by mounting the specimens in 
bakelite and polishing them with up to 

4000-grit sandpaper. A final polish was 
then performed using a colloidal silica 
suspension on an automatic cloth wheel. 
This step was repeated until all of the 
scratches were removed. The specimens 
were then etched using a mixture of 88% 
distilled water, 10% hydrogen peroxide 
and 2% hydrofluoric acid. Vickers mi- 
crohardness measurements were taken 
using a load of 500 g for 15 s on a 
mounted cross section. An average Vick- 
ers microhardness was calculated from 
nine measurements, which formed a 
grid. All measurements were made in the 
fusion zone and were intragranular. 
Rockwell macrohardness measurements 
were made on the surface of the weld 
face and root. Weld face hardness was 
used during the data analysis since the 
face is typically more accessible during 
weld inspection. 

Composition of the welds was mea- 
sured for interstitial elements oxygen, ni- 
trogen and carbon using the ASTM E- 
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Table 3 - -  Autogenous Weld Parameters 

Travel Speed 
Thickness Iron Current Voltage in./min mm/s Cooling Rate 
(in.) (wt-%) (amps) (volts) (°C/s) 

0.079 (2.0 ram) 0.07 70 8.0 3.5 1.48 11 
Heat 452141 
0.079 (2.0 mm) 0.07 120 9.0 7.75 3.28 15 
Heat 452141 
0.118 (3.0 mm) 0.03 200 10.0 7.75 3.28 10 
Heat 420053 110 9.5 3.5 1.48 
0.125 0.07 130 9.5 4.5 1.9 10 
Heat No. 455273 
4-in. Sch. 10, 0.118t 0.11 116 9.2 4.0 1.7 10 
Heat No. R3562 
2-in. Sch. 10, 0.105t 0.03 97 9.0 4.0 1.7 10 
Heat No. 879391 
0.118 (3.0 mm),, 0.03 180 14.4 6.0 2.54 28 
Heat 420053 

(a) These parameters were used in water-cooled copper fixture (high cooling rate tests). 

1019 combust ion method. Hydrogen 
was measured using the ASTM E- 
1447MOD combust ion method. The 
iron content was measured on a number 
of samples from each heat using the 
ASTM E-1479 (ICPMS) method. An aver- 
age iron content was calculated from 
these measurements and used as a con- 
stant dur ing regression analysis. The 
heats used in these tests had iron levels 
of 0.03, 0.07 and 0.11 wt-%, as shown in 
Table 1. 

Regression Analysis 

Nonlinear programming in combina- 
tion with regression analysis was used to 
develop OE equations that evaluated the 
effects of oxygen, nitrogen, carbon, iron 
and cooling rate on tensile strength, duc- 
t i l i ty and hardness. Three separate cases 
were analyzed as follows: 

• An OE equation was developed to 
optimize the relationship between the fac- 
tors (oxygen, nitrogen, carbon, hydrogen, 
iron and cooling rate) and the weld prop- 
erties (strength, ductility and hardness). 

• Individual OE equations were devel- 
oped to optimize the relationships be- 
tween the primary factors (oxygen, nitro- 
gen, carbon and iron) and each weld 
property (strength, ductility and hardness). 

• A single OE equation was devel- 
oped to opt imize the relat ionship be- 
tween the primary factors (oxygen, nitro- 
gen, carbon and iron) and weld 
properties. 

Case 1 and Case 3 are the preferred 
conditions, assuming an efficient level of 
accuracy could be obtained with a single 
OE equation. A single equation supports 
the development of a predictive model 
and simplifies the correlation between 
properties. The objective of the regres- 
sion analysis was to find the best rela- 
tionships between mechanical properties 

and the OE. To reach this objective, re- 
gression analysis must find the best fit of 
OE coefficients and minimize the total 
error estimation. The approach was as 
fol lows: 
Let A~ = chemical composit ions 

of run i 
C = chemical composi t ion 

coefficients 
zi = OE of run i = C.A~,  i = 1, 

..., n 
xij = design matrix, i = 1 ..... n, 

j = l  ..... p-1 
X = [1 Z Z2] 
YJk = mechanical property (re- 

sponse) k from run i = 1 ..... n, 
k = l  ..... m 

The fol lowing model was used: 
Yk = X Bk + Ek, k = 1,..., m 

where Bk was the regression coefficient. 
The error term ~ in the model was as- 

sumed to have E(~) = 0 and V(~) = 02 , and 
the {~} were uncorrelated random vari- 
ables. 

Let L represent the sum of the squared 
errors, ~ik, Yik - -  ~/ik# where ~/ik w a s  the es- 
timated Y~k- 

•ik = Yik -- ~/ik, i = 1 ..... n ,  k = 1 ..... m, 

m n 

L = ~' ik  

The least squares method was taking 
the partial differential of L with respect to 
lgik, j = 0, 1, 2, k = 1 ..... m, and set it to 
zero. The coeff ic ient lgjk, wh ich mini-  
mizes the sum of the squared errors, was 
derived by solving the equations called 
least square normal equations. 

aL ~k : 0 
aB 

Solving the normal equations above de- 
rived the regression coeff icients 

Bk .The estimated yik or the fitted regres- 

sion model was ¢(k = Xl3k. 
Further, the residual sum of squares 

(SSe), the regression sum of squares (SSR) 
and the total sum of squares (SSt) were es- 
timated to identify the coefficient of mul- 
tiple determination R 2 and the adjusted 
R2 for each relationship of X and Yk. The 
definition (Ref. 8) of SSe, SSr, SSt, R 2 and 
R2adi is the fol lowing: 

SSE, k : YI~Yk - 13~X'Y k 

SSR, k " 13~X'Y k 

/ !  n ' / y,k 
\ i - 1  , 

2 /n t yiki 
SST, k = YI~Yk 

n 

R~ SSR'k SSE'k 
- = 1-  SST,----7 

ssE _p) 

/ n - p ]  

The chemical coefficient matrix C was 
estimated such that it gave the least 
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squared error fit to each of the regression 
coefficients Bk. Nonlinear program- 
ming was used to maximize the total 
R2adj,k, indicating how good the fits were 
considering the number of variables and 
the number of runs (n) in each Yk. The for- 
mulation of the nonlinear program was as 
fol lows: 

rn 

2 Subject to = 1 Max Radj, k C 3 
c 

k -1  

The only constraint was set to prevent 
multiple sets of solutions that would give 
the same solution or performance in fit- 
ting the regression model. Besides, it was 
more conventional to let other Cs vary as 
the proportion of oxygen coefficient 
while keeping the oxygen coefficient to 
the value of one. The fundamental basis 
of assuming oxygen coefficient being 
equal to one was to follow the analysis by 
Ogden and Jaffee in which the oxygen 
coefficient was one. The OE equation is 
the representation of chemical composi- 
tions related to different mechanical 
properties of the weld. Standard errors of 
coefficients for the OE equations and the 
mechanical properties were calculated 
and are provided in Table 4. 

For the separate OE case, Case 2, 
three different matrixes C were devel- 
oped for each of the mechanical proper- 
ties Yi, which were strength, ductility and 
hardness. Then, the same regression 
analysis and maximization programming 
procedures were performed for each 
property to derive the OE matrix C with 
the most fit for that property. 

Results and Discussion 

Data from the welds produced in this 
investigation were combined with prior 
data (Refs. 4, 5) (Table 5) to maximize the 
data available for the regression analysis. 
All the welds were full penetration with 
root and face widths of approximately s/~6 
and '/2 in. (7.94 and 12.7 ram), respec- 
tively. These welds typically had a con- 
cave weld face and a convex weld root 
surface, but some of the weld sections 
were nearly flat. This permitted removal 
of all-weld-metal tensile specimens that 
were tested in the as-welded condition. 
The surfaces of many of the test welds 
made with increased oxygen levels in the 
shielding gas were colored light straw to 
blue. The cooling rates of full-penetration 
welds made with no copper backing 
were 10 °, 11 ° and 15°C/s. The high cool- 
ing rate tests made in a cooled copper fix- 
ture increased the cooling rate to 
28.1°C/s on the 0.118-in. (3.18-mm) 
sheet material (Table 3). This provided a 
cooling rate range from 10 to 28.1 °C/s to 
represent the range common in manual 

and mechanized GTAW of sheet or thin- 
wall pipe. 

Data from 39 tests were used to ana- 
lyze the effects of oxygen, nitrogen, car- 
bon, hydrogen, iron and cooling rate on 
the weld metal mechanical properties. 
The ranges for each factor are summarized 
in Table 6. The composition ranges were 
4-42 ppm hydrogen, 0.03-0.11 wt-% 
iron, 0.1-0.27 wt-% oxygen, 
0.0044-0.098 wt-% nitrogen and 
0.010-0.062 wt-% carbon. Strength and 
hardness increased and ductility de- 
creased as the interstitial content in- 
creased. The property ranges were 
52.7-77.45 ksi yield (363.4-534.0 MPa), 
63-91.2 ksi ultimate (434.4-628.8 MPa), 
9.2-31% elongation, 12-50% reduction 
in area, 167-259 Vickers and 78-97 
Rockwell B. The regression analysis was 
limited to the ranges defined here and the 
ability to predict properties of heats with 
lower and higher alloy content is an area 
for future study. 

Regression analysis was performed for 
three cases to determine the best OE al- 
gorithm for CP titanium welds. Case 1 de- 
veloped a single equation to evaluate all 
the factors. Case 2 was reduced to the pri- 
mary factors, based on the Case 1 analy- 
sis, and developed separate equations 
that produced the "best fit" for each me- 
chanical property. Case 3 also was based 
on the Case 1 analysis and resulted in a 
single equation for the primary factors 
simplifying the OE relationship. 

Case 1 

This regression analysis used the re- 
sults of the welding tests to relate the ef- 
fects of oxygen, nitrogen, carbon, hydro- 
gen, iron and weld cooling rate (O, N, C, 
H, Fe and CR) to weld properties. The sin- 
gle OE equation for Case 1, which relates 
the effects of these factors to strength, 
ductility and hardness, is as follows: 

OEcasel = 0.000713CR + 0.538C 
- 8.95H + 2.32N 
+ O + 0.377Fe 

The graphs showing the relationship 
between this equation and individual 
weld mechanical properties are shown in 
Fig. 4. The OE for the welds in this study 
using this equation ranges from 0.17 to 
0.35 wt-%. The cooling rate factor was 
based on the data from Heats 420053 
and 45241, where the cooling rate 
ranged from 10 to 28°C/s and 10 to 
15°C/s, respectively. Cooling rate has the 
smallest coefficient in this equation. As 
this equation shows, the maximum 
change in OE due to cooling rate varia- 
tion was (18 x 0.000713, which equaled 
0.0128 wt-%) between 6 and 7%. Cool- 

ing rate was eliminated from the analysis 
in Case 2 and Case 3 based on this cal- 
culation and the fact the range of cooling 
rates produced by full-penetration 
GTAW is small. A goal of this project was 
to simplify the OE, if possible. It is be- 
lieved welds made with higher cooling 
rate processes, like laser and electron 
beam, will show larger property changes 
since the cooling rate changes can be 
more than an order of magnitude. 

The factors developed for OEcasel show 
hydrogen has the largest coefficient 
(-8.95), followed by nitrogen, oxygen, 
carbon and iron. Hydrogen has the only 
negative coefficient, indicating that hy- 
drogen reduced strength and increased 
ductility over the range investigated. 
However, in this study, hydrogen was 
found to have a small effect on properties 
over the range evaluated due to the low 
concentration. Hydrogen ranged from 
4-42 ppm (0.0004-0.0042 wt-%) pro- 
ducing a maximum change in OE of 340 
ppm (0.034 wt-%). Hydrogen has been 
reported not to influence strength and 
ductility at low concentrations (Ref. 1 ). At 
higher concentrations, hydrogen can 
precipitate hydrides. These hydrides have 
been shown not to affect strength, ductil- 
ity or hardness but significantly reduce 
toughness. Hydrogen was eliminated 
from the analysis in Case 2 and Case 3 
since most heats of CP titanium have very 
low levels of hydrogen. Hydrogen should 
be minimized in production welding by 
proper base material cleaning and con- 
trol of shielding gas dew point. 

The OE coefficient for nitrogen in the 
Case 1 analysis was 2.32 and produced 
a net change in OE of 0.2172 wt-% over 
the nitrogen range. This was the largest 
net change of all the factors. The coeffi- 
cient for carbon was 0.538, producing a 
net change in OE of 0.027 wt-% over the 
full range. The OE coefficient for iron was 
0.377 producing a net change of 0.029 
wt-% over the range. The effect of iron, 
although smaller than hydrogen, was in- 
cluded in Case 2 and 3 analysis since it 
is a solid-solution strengthener and coun- 
teracts the effects of hydrogen, which has 
low solubility. Case 2 showed the iron 
factor was more significant when hydro- 
gen was not considered in the analysis. 

The coefficients of multiple determina- 
tion, R 2, were calculated for each qua- 
dratic equation based on the curves 
shown in Fig. 4. These equations can be 
used with the OE to approximate the weld 
properties of a given heat of CP titanium. 
The graphs may also be used to relate weld 
properties like hardness to ductility and 
permit assessment of titanium weld prop- 
erties nondestructively. The R 2 values for 
each quadratic equation that related the 
OE to that property were summarized in 
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Table 4 - -  Standard Errors of Coefficients of OE Equations for Cases 1, 2 and 3 

OE Mechanical Term Coefficient Standard Error T P 
Properties of Coefficient 

Case 1 Constant 29.1 10.57 2.75 0.009 
Average UTS OE 247.5 82.49 3.001 0.005 

OE 2 -235.9 157.19 -1.501 0.142 

Case 2 

Constant 23.7 8.595 2.76 0.009 
Average YS OE 195 67.07 2.908 0.006 

OE 2 -139.3 127.825 -1.09 0.283 

Constant 81.6 11.75 6.94 0.000 
Average %E OE -401.7 91.73 -4.38 0.000 

OE 2 594.1 174.81 3.399 0.002 

Constant 103.9 22.58 4.6 0.000 
Average %ROA OE -435.7 176.19 -2.473 0.018 

OE 2 552.4 335.77 1.645 0.109 

Constant 13 38.4 0.34 0.735 
Average VHN OE 1152 299.69 3.843 0.000 

OE 2 -1423 571.13 -2.491 0.017 

Constant 36.3 6.767 5.36 0.000 
Average Rb OE 326.7 52.81 6.188 0.000 

OE 2 -454.8 100.632 -4.519 0.000 

Constant 41.8 7.298 5.725 0.000 
Average UTS OE 169.2 59.122 2.861 0.007 

OE 2 -115.5 116.314 -0.993 0.327 

Constant 32.58 6.335 5.143 0.000 
Average YS OE 146.70 51.320 2.858 0.007 

OE 2 -76.730 100.965 -0.760 0.452 

Constant 44.8 3.583 12.505 0.000 
Average %E OE -71.82 12.863 -5.583 0.000 

OE 2 40.96 10.663 3.842 0.000 

Constant 67.6 6.265 10.785 0.000 
Average %ROA OE -100.4 22.492 -4.462 0.000 

OE2 52.2 18.646 2.798 0.008 

Constant -1 29.12 -0.04 0.969 
Average VH N OE 1202 218.26 5.508 0.000 

OE 2 -1473 400.77 -3.674 0.001 

Constant 37.4 5.801 6.447 0.000 
Average Rb OE 302.7 43.484 6.96 0.000 

OE 2 -390.9 79.846 -4.896 0.000 

Constant 39 8.143 4.794 0.000 
Average UTS OE 167 55.599 3.004 0.005 

OE 2 -130.7 91.796 -1.423 0.163 

Case 3 

Constant 31.85 6.891 4.622 0.000 
Average YS OE 133.03 47.052 2.827 0.008 

OE 2 -76.64 77.684 -0.987 0.330 

Constant 64 8.239 7.772 0.000 
Average %E OE -242.8 56.254 -4.317 0.000 

OE 2 292.7 92.877 3.151 0.003 

Constant 81.4 15.46 5.267 0.000 
Average %ROA OE -244.2 105.54 -2.314 0.027 

OE 2 225.3 174.25 1.293 0.204 

Constant 47.7 20.83 2.288 0.027 
Average VHN OE 835.1 133.24 6.268 0.000 

OE 2 -925.1 206.44 -4.481 0.000 

Constant 55.2 2.677 20.619 0.000 
Average Rb OE 168.3 16.579 10.15 0.000 

OE 2 -171.4 24.661 -6.95 0.000 

Table 7. The Case 2 algorithm had the best 
R 2 values of the three cases. 

The quadrat ic  equat ions used have 
shown better fit than that of Ogden and 
Jaffee for all mechanical properties tested 

except Vickers hardness. The average R 2 
value for the Case 1 equation was 0.82. 
This was better than the average R 2 of 
0.76 that was calculated in the prior in- 
vestigation (Ref. 5) using the OE equat ion 

deve loped  by Ogden and Jaffee. The 
largest improvements in R 2 were related 
to yield strength and tensile duct i l i ty but, 
in general, all the OE equations devel- 
oped in this investigation improved the 
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Table 5 - -  Test Da ta  

]D CR %C %H %N %0  %Fe avg 
Number UTS 

NDE-01flat 10 0.0113 0.0013 0.0085 0.157 0.03 
NDE-02flat 10 0.0146 0.0017 0.0301 0.167 0.03 

420053 NDE-03flat 10 0.0110 0.0012 0.0657 0.181 0.03 
NDE-04flat 10 0.0.185 0.0014 0.0970 0.186 0.03 
NDE-05flat 10 0.0256 0.0015 0.0071 0.218 0.03 
NDE-06f[at 10 0.0535 0.0015 0.0057 0.268 0.03 

NDE-01 (2") 10 0.0149 0.0009 0.0047 0.144 0.033 
NDE-02(2") 10 0.0167 0.0012 0.0130 0.152 0.033 

879391 NDE-03(2") 10 0.0117 0.0011 0.0257 0.162 0.033 
NDE-04(2") 10 0.0137 0.0011 0.0360 0.180 0.033 
NDE-051(2") 10 0.0224 0.0010 0.0053 0.170 0.033 
N DE-06(2") 10 0.0436 0.0007 0.0118 0.231 0.033 

NDE-01(4") 10 0.0158 0.0026 0.0090 0.140 0.11 
NDE-02(4") 10 0.0284 0.0023 0.0158 0.137 0.11 

R3562 NDE-03(4") 10 0.0258 0.0021 0.0285 0.138 0.11 
N DE-04(4") 10 0.0245 0.0031 0.0510 0.171 0.11 
NDE-0514") 10 0.0354 0.0022 0.0100 0.162 0.11 
NDE-06(4") 10 0.0590 0.0022 0.0157 0.226 0.11 

CP08HP 11 0.0205 0.0010 0.0140 0.115 0.07 
CP0821 11 0.0205 0.0012 0.0280 0.120 0.07 

452141 CP0843 11 0.0230 0.0011 0.0365 0.120 0.07 
CP0860 11 0.0185 0.0015 0.0555 0.110 0.07 
CP0879 11 0.0170 0.0009 0.0625 0.125 0.07 
CP0897 11 0.0195 0.0009 0.0980 0.145 0.07 

CP08HP 15 0.0190 0.0010 0.0088 0.108 0.07 63.00 
CP0821 15 0.0213 0.0010 0.0200 0.116 0.07 68.00 

452141 CP0843 15 0.0200 0.0006 0.0350 0.117 0.07 73.00 
CP0860 15 0.0175 0.0009 0.0460 0.119 0.07 76.00 
CP0879 15 0.0180 0.0008 0.0617 0.132 0.07 79.67 
CP0897 15 0.0207 0.0008 0.0620 0.140 0.07 81.00 

CP18HP 10 0.0105 0.0019 0.0074 0.157 0.03 66.33 
CP1821 10 0.0107 0.0015 0.0160 0.161 0.03 71.00 
CP1843 10 0.0147 0.0018 0.0237 0.169 0.03 75.00 
CP1860 10 0.0117 0.0017 0.0327 0.172 0.03 79.67 

420053 CP1879 10 0.0100 0.0019 0.0555 0.170 0.03 81.00 
CP1897 10 0.0137 0.0017 0.0447 0.171 0.03 75.33 
CP1826 10 0.0180 0.0016 0.0068 0.180 0.03 72.50 
CP1852 10 0.0310 0.0012 0.0080 0.200 0.03 73.50 
CP1877 10 0.0320 0.0015 0.0080 0.200 0.03 78.50 
CP1810 10 0.0390 0.0004 0.0077 0.220 0.03 78.50 

CP18HP 28 0.0195 0.0015 0.0081 0.169 0.03 68.65 
CP1821 28 0.0159 0.0013 0.0169 0.163 0.03 73.70 
CP1843 28 0.0125 0.0014 0.0286 0.165 0.03 78.40 
CP1860 28 0.0149 0.0015 0.0430 0.178 0.03 84.40 

420053 CP1879 28 0.0120 0.0012 0.0580 0.170 0.03 91.20 
CP1897 28 0.0130 0.0015 0.0630 0.180 0.03 87.15 
CP1826 28 0.0250 0.0016 0.0063 0.190 0.03 77.20 
CP1852 28 0.0330 0.0013 0.0044 0.210 0.03 80.70 
CP1877 28 0.0390 0.0014 0.0057 0.230 0.03 84.85 
CP1810 28 0.0590 0.0013 0.0065 0.270 0.03 88.40 

P400 (Air) 11 0.0270 0.0038 0.0099 0.140 0.11 68.05 
P421 (Air) 11 0.0250 0.0042 0.0190 0.150 0.11 72.00 
P443 (Air) 11 0.0240 0.0025 0.0270 0.150 0.11 75.05 
P460 (Air) 11 0.0290 0.0037 0.0350 0.160 0.11 79.55 

R3562 P479 (Air) 11 0.0230 0.0034 0.0520 0.160 0.11 83.20 
P497 (Air) 11 0.0270 0.0027 0.0580 0.170 0.11 84.45 
P425 (CO3 11 0.0400 0.0029 0.0140 0.160 0.11 73.95 
P450 (CO,,) 11 0.0410 0.0032 0.0130 0.190 0.11 76.50 
P475 (CO_,) 11 0.0550 0.0029 0.0130 0.190 0.11 79.00 
P410 (CO2) 11 0.0620 0.0029 0.0130 0.200 0.11 78.30 

W38 10 0.0220 0.0014 0.0290 0.120 0.07 71.85 
455273 W40 10 0.0180 0.0016 0.0170 0.130 0.07 70.25 

W4I 10 0.0180 0.0013 0.0096 0.130 0.07 66.05 

avg avg avg avg avg 
YS %E %ROA VHN Rb 

82.00 
87.70 
92.80 
97.70 
88.30 
97.50 

78.00 
86.00 
88.90 
92.90 
84.80 
92.00 

81.90 
89.00 
92.10 
95.60 
90.20 
94.80 

179.50 79.83 
180.83 85.25 
194.67 88.33 
203.83 92.17 
221.17 94.50 
222.33 95.67 

52.67 31.23 42.97 167.56 79.42 
57.67 19.00 32.70 1 79.44 84.50 
64.00 15.97 22.63 195.78 87.08 
67.00 12.10 21.70 206.11 90.08 
71.00 10.90 11.87 227.11 92.58 
72.57 9.27 19.30 220.11 93.00 

55.67 29.00 42.20 172.22 79.67 
60.00 22.27 35.13 186.22 85.58 
63.67 16.63 24.73 201.89 85.54 
67.67 16.10 23.70 212.22 88.42 
68.00 10.67 18.63 224.33 92.33 
64.00 18.73 18.83 224.56 90.58 
59.50 24.70 37.95 191.11 83.42 
62.00 21.70 32.95 195.11 86.75 
65.00 18.00 27.90 211.89 91.08 
66.00 19.80 31.10 211.00 91.46 

56.60 28.45 49.55 189.78 82.83 
61.05 20.00 34.30 205.40 88.58 
65.85 16.85 33.40 213.00 87.83 
71.45 16.95 24.20 232.78 92.17 
77.45 15.95 24.55 234.11 95.92 
75.55 14.95 22.10 232.56 93.50 
63.60 22.45 31.20 205.22 88.17 
66.70 19.65 26.90 216.80 92.00 
70.15 17.20 22.90 230.40 94.25 
73.35 15.00 18.70 242.80 96.08 

54.70 24.15 45.10 193.00 81.90 
59.05 21.50 42.60 207.00 89.00 
62.75 17.80 34.35 217.00 91.00 
67.10 16.05 24.20 237.00 93.70 
70.65 16.90 27.80 241.00 95.10 
71.80 12.50 21.20 259.00 95.90 
60.55 21.65 37.70 213.00 88.50 
62.70 16.20 35.20 226.00 90.70 
62.50 15.70 24.15 233.00 93.00 
67.10 15.50 22.60 243.00 93.70 

58.50 25.00 35.45 190.00 86.50 
57.15 25.45 40.45 188.00 84.20 
52.95 29.85 38.15 180.00 80.90 
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Fig. 6 - -  OE relationships for Case 3; primary factors, general equation for al l  properties. 

OE relat ionship between weld metal 
properties and the controlling factors. 

Case 2 

The effects of O, N, C and Fe were re- 
lated to strength, ductility and hardness 
in the Case 2 analysis. As stated above, 
cooling rate and hydrogen were dropped 
from this analysis due to their small in- 
fluence on weld properties. Separate OE 
equations were calculated for each prop- 
erty as follows: 

OEstreogth = 1.12C + 2.69N + O -  0.21Fe 
OEductility ---- 7.84C + 11.44N + O - 1.58Fe 
OEhard . . . .  = 0.97C + 2N + O - 0.37Fe 

Graphs showing these equations plot- 
ted against mechanical properties are in- 
cluded in Fig. 5. Notice that the R 2 dif- 

ferences (Table 6) between Case 2 and 
Case 3 are minimal and not statistically 
significant, since both models fit the data 
nearly equally well. Therefore, the con- 
clusion supported by Case 2 wi l l  be cov- 
ered in Case 3 analysis. 

Case 3 

In this case, to simplify the relation- 
ships, the effects of O, N, C and Fe were 
related to strength, ductility and hardness 
using a single equation. As in Case 2, the 
effects of cooling rate and hydrogen were 
not included because of their small in- 
fluence on weld properties. A general OE 
equation was calculated as follows: 

OEca~e3 = 2C + 3.5N + O -  0.14Fe 
Figure 6 shows how this equation relates 
to each of the mechanical properties mea- 

sured for CP titanium. This equation 
yields a range of OE between 0.17 and 
0.42 wt-% for the test data. The coeffi- 
cients for carbon and nitrogen increased 
and the coefficient for iron decreased rel- 
ative to Case 1. Compared to Case 1, the 
coefficients changed as follows: 

• Carbon increased from 0.538 to 2 
• Nitrogen increased from 2.32 to 3.5 
• Iron decreased from 0.377 to 0.14. 

The R 2 values for the Case 3 equation and 
each property shown in Fig. 6 are not as 
high as those for the equation developed 
in Case 1, but the differences are small 
(Table 7). Reduction of area has the poor- 
est relationship to this OE, with an R 2 
value of only 0.69. Equations for Rock- 
well B and strength have good relation- 
ships to the OE and have R 2 values that 
are greater than 0.84. For Rockwell B 
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Table 6 - -  Ranges of Chemical Composition and Mechanical Properties Defined by Regression Analysis 

Minimum 
Maximum 

Chemical Composition 
%C %N %0 %Fe 

0.0100 0.0044 0.1075 0.03 
0.0620 0.0980 0.2700 0.11 

Mechanical Properties 
UTS YS %Elongation %ROA 
63.00 52.67 9.27 11.87 
91.20 77.45 31.23 49.55 

Minimum 
Maximum 

%H Cooling Rate 

0.0004 10 
0.0042 28 

VHN RB 
167.56 78.00 
259.00 97.70 

Table 7 - -  R 2 Comparison of OE Equations for Cases 1, 2 and 3 and for RB Hardness 

Ogden/Jaffe Case 1 Case 2 Case 3 Rockwell B 
All Factors Primary Factors Primary Factors Hardness 
General OE Separate OE's General OE 

Yield Strength 0.7842 0.8684 0.8957 0.8776 0.8004 
Ultimate Strength 0.8751 0.9059 0.8725 0.8425 0.8527 
Elongation 0.5722 0.7610 0.7937 0.7629 0.7058 
ROA 0.6081 0.6762 0.7683 0.6935 - -  
Rockwell B 0.8404 0.8970 0.9027 0.8755 - -  
Vickers 0.8817 0.8135 0.8798 0.7938 - -  
Average R 2 0.7602 0.8203 0.8521 0.8076 0.786 

Table 8 - -  Coefficients of OE Equations for Two and Three Variables 

OE Equations 

3 Variables OE Equations Reducing from Case 3 
OE = 1.08N - 1.67C + 0.23Fe 55.60% 
OE = O-1.55C + 0.52Fe 28.64% 
OE = O + 2.19N +0.24Fe 78.48% 
OE = O + 3.12N + 1.45C 

2 Variables OE Equations Reducing from Ogden and Jaffe 
O E = O + 2 C  
OE = O + 2.42N 
OE = 1.95N + 2C 

Average R 2 

(OE-Mechanical Relationship) 

80.68% 

17.08% 
76.22% 
61.65% 

hardness, the difference in R 2 is only 
0.016 between Case 1 and Case 3. The 
Case 1 and Case 3 0 E  equations pro- 
duced good correlation with properties. 
A slightly better correlation would be ob- 
tained using the Case 1 equation, which 
requires cooling rate data to predict weld 
properties. 

It may be quite possible there could 
be many OE equations, which wou ld  
have as much predictive power as the 
ones presented. In the presented data, 
however, it was not possible to calculate 
more terms due to the aliases of chemi- 
cal compositions. 

The proposed procedure has been ap- 
plied to the same set of data wi th the 
terms used in the oxygen equivalent 
being reduced to 3 and then 2, respec- 
tively. Oxygen, nitrogen and carbon 
were eliminated from the equation one at 
a time. The resulting oxygen equivalents 
had a high sum of squared errors and R 2 
of 55.60, 28.64 and 78.48%, respec- 
tively (Table 8). When the iron term of the 
Case 3 model was eliminated, the model 

consisted of only three basic elements, 
oxygen, nitrogen, and carbon and re- 
sulted in R 2 of 80.68%. 

It may appear the OE equation of 
Ogden and Jaffee has similar predictive 
value of the OE with the same factors or 
the Case 30E .  The plot of the data using 
their OE equation and their equation for 
Vickers hardness shows three different 
trend lines could be drawn for each level 
of Fe - -  Fig. 9. Their OE equation could 
only explain the new data with different 
iron contents with R 2 of 70.96%. 

Weld Hardness as a Measure 
of Contamination 

The direct relationship between hard- 
ness, strength and ducti l i ty also was eval- 
uated without factoring OE effects. The 
data in this investigation was used to cre- 
ate graphs between hardness and ducti l- 
ity (Fig. 8) and hardness and strength (Fig. 
9) to quantify these relationships. The re- 
lat ionship between hardness and ulti- 
mate strength was the best, R 2 = 0.85, 

and was almost as good as the OE equa- 
tions in Case 1 through Case 3 (Table 6). 
The good relationship between hardness 
and ultimate strength was expected since 
hardness has been shown to be propor- 
tional to ultimate strength in most alloy 
systems (Ref. 9). The relat ionship be- 
tween hardness and yield strength or 
ducti l i ty was poorer, with R 2 values ap- 
proximately 10% lower than those in the 
OE equations (Table 7). 

Rockwel l  13 testing has been pro- 
posed as a nondestructive method to as- 
sess weld quality or contamination level. 
A number of portable hardness testers 
are commercial ly available that could be 
adapted to t i tanium weld surface in- 
spection. The previous discussions show 
either the Case 1 or Case 3 equation 
could be used to correlate Rockwell B 
hardness to ducti l i ty and strength with 
reasonable accuracy. 

In Table 5, base metal Heats R3562, 
879391 and 42003 were used to validate 
the OE relationship for Rockwell B and 
evaluate several portable hardness testers 
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Fig. 7 -  Vickers hardness data of CP titanium with differ- 
ent levels of iron using Ogden andJaffee's OE, which does 
not include iron term (Re£ 1). 
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Fig. 8 - -  Relationship between Rockwell B and strength 
for CP titanium. 

show that OE formulas can be 
used to quantify the effects of 
oxygen, carbon, nitrogen, iron, 
hydrogen and cooling rate, 
which are the factors that con- 
trol the strength of GTA welds in 
CP Grade 2 titanium. OE equa- 
tions not only link the factors 
that control strength but can 
also be used to determine a 
level of interstitial equivalent 
pickup during welding. Based 
on the R 2 values of the quadratic 
equations used to fit the OE 
data, the characteristic curves 
developed in Case 1 or Case 3 
provided reasonable correla- 
tion between weld metal prop- 
erties. A more accurate predic- 
tion of each property for an 
individual heat of material can 
be calculated using Case 2 0 E  
relationships. Future work on 
OE formulas should be per- 
formed on other titanium alloys, 
especially those that have a sin- 
gle-phase matrix where intersti- 
tial alloy content has a signifi- 
cant effect on weld properties. 
This would include other alpha 
alloys, like the pal ladium- 
strengthened grades, and near- 
alpha alloys. 

C o n c l u s i o n s  

Hardness Rockwell B vs. Elongation 
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1 ) OE equations can be 
used to relate the effects 

- - ~ - -  of alloy content and cool- 
ing rate to the properties 
of CP t i tanium weld 
metal. 

2) The effect of cooling 
rate on OE is small and 
can probably be ignored 
for most GTAW single- 

100 pass welding 
applications. 

3) The effect of hydro- 
gen on the OE can proba- 
bly be ignored based on 
prior art and its low con- 
centration in CP Grade 2 

titanium. 
4) A series of Case 2 analyses gener- 

ated separate OE equations that relate the 
effects of oxygen, nitrogen, carbon and 
iron to each individual weld property. 
These equations did not make significant 
improvements in the correlation coeffi- 
cients compared to a single equation. 

y = 0.0423x 2 * 8.3688x + 4 2 0  

R a = 0.7058 

t 
oo 

85 90 
Hardness Rockwell B 

95 

Fig. 9 - -  Relationship between Rockwell B and ductility for CP 
titanium. 

(Ref. 10). The results of this experimenta- 
tion showed hardness testing can be used 
to nondestructively inspect t i tanium 
welds for contamination if a maximum 
hardness is established for acceptance 
criteria. For example, if weld metal duc- 
t i l i ty must exceed 20% tensile elonga- 
tion, then the weld hardness must be less 
than 88 Rockwell B, as shown in Figs. 4 
and 6. This would be one method for 
using this OE database. 

The accuracy of the OE equators is rea- 
sonable considering the anisotropic be- 
havior of titanium. The results of this work 
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