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ABSTRACT 

In this paper the relative merits 
of shot peening, induction surface 
hardenine, spiral-rolling, and the 
combination of these surface treat-
ments, are evaluated on the basis of 
their capacity t,o increase the fatigue 
strength of drill steel. 

The S-N relations for plain car-
bon steel (SAE 1080) and Ni-Cr-Mo 
drill steels in the as-rolled condition 
were determined previously, using 
the  new  Canadian method of aesting 
drill steel introduced at the annual 
meeting of the Institute in Toronto 
in 1950 (19). S-N curves have now 
been determined by this method for 
these two drill steels in the follow-
ing conditions: shot-peened and 
drawn, induction hardened, induction 
hardened and shot-peened, and spiral-
rolled. (S.R.). 

The ratios of the fatigue strengths 
of these steels after surface treat-
ment, to their fatigue strengths in 
the as-rolled condition are compared 
and the most benefiCial treatments 
are thereby pointed out. 

The expected range of stresses and 
their distribution during actual 
drilling operations are estimated 
from data available, and the mech-
anism of failure of drill steel in the 
as-rolled and surface-treated condi-
tions is analyzed. The magnitude of 
the surface compression stresses and 
their effect on fatigue strength are 
discussed. 

INTRODUCTION 

UCCESSFUL mining depends 
on numerous technical operations 

of which one of the most important 
is the drilling of holes .in the ore 
and waste ground. These holes are 
filled with dynamite which, when 
exploded, shatters the rock, the be-
ginning of all mining operations. 

Mine drilling operations should 
be done economically, i.e., at low 
cost and high speed. Many factors 
contribute toivard perfection of 
drilling (1 to 26-). In this paper 
we shall be concerned, in general, 
with the performance of the drill 

*Published by permission of the 
Director, Mines Branch, Department 
of Mines and Technical Surveys, Ot-
tawa. 

tHead, Fatigue of Metals Section, 
Physical Metallurgy Division, Mines 
Branch. 

(19) For references see end of 
paper.  

steel — i.e., the drill set composed 
of bit, attachment, drill rod, and 
qhank end -- and, in particular, 
with the endurance strength and 
working conditions of one of them, 
namely the drill rod, and the possi-
bilities of improving its endurance 
strength and actual field perform-
ance. 

WORKING STRESSES IN DRILL STEEL 

In typical 'mining operations such 
as cross-cutting, stoping, and sink-
ing, the shank-end of the drill set 
is exposed to a hammering from the 
piston, directly or,  through an anvil 
in a collarless arrangement of a 
drilling machine. The magnitude of 
this hammering energy varies from 
about 20 te 180 foot-pounds per 
single blow, depending on the type 
and size of the drilling machine 
and on the air pressure used. A 
large portion of this energy is trans-
formed into the cutting-crushing 
work of the drill bit. The remain-
der is lost in the vibration of the 
drill set, drilling machine, and 
rock; in the friciton of drill  set 
in hole and drilling machine; and 
in numerous lesser ways. 

Our drill set (see ref. 21 and 
Figure I) is hammered on one end 
by the drilling machine. The num-
ber of blows depends on the type 
of machine used and varies from 
about 2,500 per minute for small 
machines to about 1,600 per minute 
for large drilling machines. From 
the bit end, the drill set is exposed 
to the reaction of the rock and ore 
being drilled. The dynamic stress 
distribution in a drill rod is of a 
complicated nature and the result-
ant pattern varies with time along 
the drill rod under consideration. 
In the simple case of a steel rod, 
freely supported at both sides and 
struck axially with a single blow, 
the tension-compression wave of 
stresses will travel back and forth 
from the struck end to the other 
end at the speed of sound in steel 
until this wave is damped out by 
the internal friction of the steel. 
When a similarly supported steel 
rod is struck with a large number 
of successive blows in evenly 

— 1 -- 

spaced time intervals, a resultant 
pattern of dynamic vibrational 
stress will be established. Analytical 
solutions of this pattern may be 
found in the literature. In the case 
of the drill steel the problem is 
more complicated, because the sup-
porting conditions are difficult to 
define. During actual drilling op-
erations, the bit end of the drill 
rod is supported in a semi-rigid 
manner in the rock and the other 
end is guided in the drilling ma-
chine. The definition of these types 
of supports is uncertain. 

In order to determine the maxi-
mum values and the character of 
the stress pattern to which the drill 
st  is exposed, and to simplify the 
'whole problem, the direct measure-
ment of stresses by SR-4 electrical 
strain gauges could be recommended 
as the best solution. Results of 
measurements of the distribution of 
dynamic stresses on a drill rod dur-
ing actual drilling operations are 
given in Figure 1 as an illustra-
tion. These results were taken from 
a written discussion by F. R. And-
erson, Chief Metallurgist, Gardner-

' Denver Company, of the paper pre-
sented previously (20). A number 
of conclusions could be drawn from 
this diagram, but at present only 
the large magnitude of dynamic 
tension stresses observed at the bit 
end (57,000 p.s.i. for sharp bit and 
105,000 p.s.i. for dull bit) will be 
stressed. 

The direct measuring _technique, 
using SR-4 electrical strain gauges, 
is recommended for future pro-
grammes as the simplest way of ob-
taining data on the stress patterns 
of drill sets. 

A general idea of the average 
value of the tension-compression 
cycle of dynamic stresses to which 
the bit part-of the drill set is sub-
jected could be approximately eval-
uated by calculating the average 
depth of a single chip and the im-
pact resistance of the rock (2). 

Depth of a single chip 
= (Penetration ft. per min. X 
rotation (blows per turn)) divided 
by (Blows per min. X No. of points 
of bit) 
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Figure 1.—Maximum tensile stresses in drill rod during 
drilling operation. 

(From discussion by F. R. A. Anderson, see ref. 20) 
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The relations between impact 
loading (i.e., impact resistance of 
rock) and penetration speed, given 
by E. J. Wells (2), are shown in 
Figure 2. This diagram is very in-
teresting as it shows a number of 
important factors having a direct 
bearing on. the life of drill steel, 
i.e., the number of cycles to failure. 
These factors are listed below: 

(1) Impact loading increases 
with the decrease of penetration 
speed, and vice versa. 

(2) The harder the rock the low-
er the penetration speed and the 
greater the impact loading. Soft 
ground gives higher penetration 
speed and lower impact loading, 
thereby lowering stresses in drill 
steel; in hard ground the reverse 
is true. 

(3) An increase in the size of 
the machine may increase the pene-
tration speed and also the impact 
loading. 

(4) With impact loading below 
'8,000 pounds, failures of the tung-
sten carbide (W-C) inserts are rare, 
but the probability of failure in the 
skirt, thread, and steel body of the 
bit before breakage of the tips is 
higher. Also, the probability of fail-
ure of the attachment, drill rod, and 
shank end is higher in this range,  

because of the longer life and great- 
er nutnber of blows (cycles of load- 
ing) which the bit tips can endure. 

(5) With impact loading above 
,000 pounds, and hard rock condi-

tions, the failure of the W-C inserts 
is more probable, especially with 
dull bits, as the rate of penetra-
tion for dull bits diminishes greatly 
and the impact load inereases sub-
stantially. 
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Data on the stresses in the drill 
set, obtained from direct measure-
ment by using SR-4 strain gauges, 
supplemented by the data on im-
pact loading given by E. J. Wells 
and shown in Figure 2, give a good 
overall picture of the stress condi-
tions existing in the drill set dur-
ing field service. Figure 3 shows 
the IR-N relations set up from the 
test data presented by E. J. Wells 
(2). 
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'TABLE I. - Fatigue Tests SAE 	1080 Carbon Steel, 
Shot-peened and Drawn under Dry Conditions. 

RF.VIEW OF Mernons Usnn von 
TESTINO DRILL lions 

The effect of different surface 
treatments on the endurance 
strength and field performance of 
drill rods could be evaluated in sev-
eral ways. 

One method would be the record-
ing of: the total number of feet 
drilled until failure of the drill 
steel; the type of the failure, giving 
all data on the mining and operat-
ing conditions; and the information 
on the mechanical-metallurgical con-
dition of the drill steel. This meth-
od would supply some relative data 
on field performance of different 
types of drill steel. These data 
could be reproduced only with the 
same operating and mining condi-
tions, namely, using the same type 
of drilling machine, Operated by the 
same operator,  and duplicating such 
conditions as air pressure; hardness 
and structure of rock; penetration 
speed; sharpness. type, and size of 
bit;-cross-section and length of the 
drill steel; and alignment ami sup-
port of the drilling machine. 

Another method would be the so-
called 'block-test', during which 
both the time required to cause fail-
ure of the drill rod, and the type 
of failure, are recorded along with 
data on operating conditions such 
as type of drilling machine used, 
length of the drill rod, supporting 
conditions, air pressure, and so on. 
It should be noticed that in this 
method the drill rod sample is sup-
ported at one end in a pneumatic 
drill and the other end is hammered 
against a hardened steel plate. It 
was proved by B. M. Hamilton (15) 
that, because the amplitude of side 
vibration of the drill steel sample 
is influenced by its damping ca-
pacity, this method is erratic. 

The conditions for reproducibil-
ity of these two methods are diffi-
cult to fulfil, but they are required 
If constancy of impact loading is 
to be maintained. 

In order to simplify the study of 
the effect of different surface treat-
ments on the fatigue limit and en-
durance strength of drill steel, the 
newly developed Canadian method 
of fatigue testing mining drill rads 
(19) has been used to determine 
the fatigue data discussed in this 
pa.per. 

This method is simple, very low 
in cost, reproducible, and renders 
results in nurnerical values, i.e., 
stress in pounds per square inch 
and number of cycles to failure. 
The S-N relations, determined for 
a fairly wide range of stresses, 

Bending 
moment 

(inch-pounds) 

CT-3 
CT-4 
CT-Z 
CT-10 
CT-5 
CT-12 
CT-9 
CT-7 
CT-6 •  
CT-1 
SR-1 

Ssunple unbroken. 

Bending 
moment 

(inch-pounds) 

AI-2 
A.I.4 
AI-7 
AI-10 
AI-11 
AI-3 
AI-8 
AI-12 

• AI-5 
A1-9 
A1-1 
SR-1 

Sample unbroken. 

could be used for the preliminary 
evaluation of the different surface 
treatrnents. 

The final acceptance tests of a 
chosen type of surface treatment 
should be done during actual drill-
ing operations and the results ob-
tained in this way, supplemented by 
the simulated service test results, 
would determine whether 'the sur-
face treatment under investigation 
could be recommended for adoption 
l'y  industry. 

FATIGUE TESTS 

To study the rf feet of (a) shot-
peening, (b) shot-peening and low 
draw, (c) induction surface hard-
ening, (d) induction hardening and 
shot-peening, and (e) spiral-rolling 
on the endurance strength and fa-
tigue lhnit, one-inch quarter-octagon 
drill rods made from Cr-Ni-Mo and 
plain carbon (SAE 1080) steel were 

No. of cycle s . 
 to failure, 

x103  

161 
319 
350 
601 

1,691  
4, 313 

13.000*  
12,000*  
13,000*  
6,500*  
1,055 (Ref. 23) 

No,  of cycles 
to failure, 

x103  

69,100 
65, 800 
65,800 
61,600 

 ' 
 

61,600 
 57,.500 

53,400  
52,400 

 51, 400 
51,400 

 49, 300 
1, 055 (Ref.  .23) 

used. The chemical compositions 
.and the mechanical properties of 
these steels are given in reference 
20 and Tables I and II. 

The effect of different surface 
treatments on the fatigue proper-
ties of the Cr-Ni-Mo and SAE 1080 
steels may be studied from the S-N 
diagrams shown in Figures 4 to 7 
and from the numerical Tables I to 
VI. 

l?emarks 

TABLE I: 

All samples broke in the free 
gauge length with the exception of 
samples CT-4 and CF-12,  which 
broke in the adaptors. Nucleus of 
fatigue failure was observed on 
edge A and octagonal flat 13 (19). 

Typical dual type fatigue frac-
tures were observed, with two dis-
tinct zones, namely: 

Sample 
No. 

7000 
6500 
6000 
6000 
5500 
5475 
5425 
5375 
5250 
5000 

Spiral-Rolled 

Sample 
No. 

8500 
8000 
8000 
7500 
7500 
7000 
.6500 
6375 
6250 

. 6250 
6000 

Spiral-Rolled 

Maximum stress, 
psi 

(edge A and flat B) 

57, 500 
53,400 

 49, 300 
'49, 300 
45, ZOO 
45, 000 
44,600 

 44, 200 
•43, 100 
41, 100 

61, 500 

TABLE II. - Fistgiue Tests of SAE 1080 Induction Hardened  
Carbon Steel under Dry Conditions.. 

Maximum stress, 
psi 

(edgè A and flat B) 

42 
76 
74 
77 

113 
718 

1,420 
.4,854*  

710 
6, 679* 
8, 030* 

-- -- 



TABLE III. - Fatigue Teat.  cl  iii-Cr-Mo Steel, Shoe.  
yeened and Tempered, under  Dry Gondititras. 

Sample unbroken 

TABLE IV. Fatigue Tests on Ni-Cr-Mo Steel, Induction  
Hardened, under Dry Conditions. 

Maximum stress, 
psi 

(edge A and flat B) 

No. of cycles 
to failure. 

x103  

7000 
8000 
9000 

Bending 
moment 

(inch-pounds) 

9500 
9000 
8500 
8000 
7875 
7750 

Sample 
No. 

G7-11 
GT- 8 
GT-4 
GT-I 
GT-10 
GT-9 

78, 100 
74, 000 
69.900 
65, 800 
64, 700 
63, 700 

499 
422 

1,016 
1.331 
2, 881* 
4, 725* 

6, 000 e 
6,000* 
6,000* 

Spiral SR-2 
Rolled SR-3 
Ref. 23 SR-4 

57.500 
65, 800 
74,000 

(1) A smooth matte surface 
(M1) (see ref. 19) resulting from 
a crack initiated at the nucleus of 
fatigue, progressing toward the in-
ternal water hole ., and battered 
smooth by repeated opening and 
closing of the crack taking place 
during each cycle. 

(2) A rough crystalline surface 
(X2) (see rcf. 19), indicating a 
sudden fracture resulting from over-
stressing. 

The Estimated Fatigue Limit be- - 
 tween saniples CT-5 and CT-12 on 

the diagram is about 5,500 inch-
pounds and 45,000 p.s.i. 

TABLE II: 

All samples broke in the free 
gauge length. The nucleus of fatigue 
failure was observed on.edge A and 
octagonal flat B. In sample AI-5, 
nucleus of fatigue coincides with a 
local surface imperfection. 

Typical dual type fatigue frac-

' turcs  were observed, with two dis-

tinct zones, namely: 

(1) A smooth matte surface (M1) 
resulting from a crack initiated at 
the nucleus of fatigue, progressing 
toward the internal water hole, and 
battered smooth by repeated open-
ing and closing of the crack taking 
place during each cycle. 

(2) A rough crystalline surface 
(X2), indicating a sudden fracture 
resulting from overstressing. 

The fracture surface is 30% MI 
and 70% X2, except on samples 
A1-2 and A1 -4 where it is 100% 
M1 with a progressive wave-like 
fracture. • 

An induction hardened `skin' 
1/64 inch thick was observed around 
the whole circumference. 

The Estimated Fatigue Limit be-
tween samples A1-8 and Al-12 on 
the S -N diagram is about 6,400 
inch-pounds and 53,000 p.s.i. 

TABLE III: 

All samples broke in the free 
gauge length, with the exception of 
GT-11, which broke at the edge of 
the attachment. The fracture is ir-
regular, indicating toughness of this 
steel. The nucleus of fatigue fail-
ure was observed on edge A and 
octagonal flat B. 

Dual type fatigue fractures were 
observed, with two distinct zones, 
namely: 

(1) A smooth matte surface (M1) 
resulting from a crack initiated at 
the nucleus of fatigue, progressing 
toward the internal water hole, and 

Bending 
moment 

(inch--pounds) 

EL:12 
EI-3 
EI-7 
El-4 
E1-11 
El- 11 
EI-2 
El- 10 
F.1-9 
EI- 6 
El- 5 
EI-1 

Spiral. SR-2 
Rolled SR-3 
Ref. 23 SR-4 

Sample unbroken. 

battered smooth by repeated open-
ing and closing of the crack taking 
place during each cycle. 

(2) A rough matte crystalline 
surface (MZ1), indicating a sud-
den fracture resulting from over-
stressing. 

The fractured surface is about 
50% MI and 50% MZ1. 

The Estimated Fatigue Limit be-
tween samples GT-1 and GT-10 
on the S-N diagram is about 79,000 
inch-pounds and 65,250 p.s.i. 

TABLE IV: 

All samples broke in the free 
gauge length, with the exception of 
E1-3 and E1 .-4. The nucleus of 
fatigue failure was observed on edge 
A and octagonal flat B. 

Typical dual type fatigue frac-
tures were observed, with two dis-
tinct zones, namely: 

(1) A regular matte surface 
(M1) resulting from a crack initi- 

Maximum stress, 
- psi 

(edge A and flat B) 

ated at the nucleus of fatigue, pro-
gressing toward the internal water 
hole, and battered smooth by re-
peated opening and closing of the 
crack taking place during each 
cycle. 

(2) A rough cry-stalline surface 
(MX1), indicating a sudden frac-
ture resulting from overstressing. 

The fracture surface is about 
50% MI and 50% MX1. 

An induction hardened skin about 
3/64 inch thick was observed 
around the whole circumference. 

The .Estitnated Fatigue Limit be-
tween samples E1-2 and E1-10 bn 
the S -N diagram is 8,000 inch-
pounds and 65,500 p.s.i. 

TABLE V: 

All samples broke in the free 
gauge length. The nucleus of fatigue 
failure was observed on edge A and 
octagonal flat B,  just below the in-
duction. bagdencd skin. 

Sample 
No. 

9500 
9000 
9000 
8500 
8500 
8500 
8000 
7937 
7875 
7750 
7500 
7000 
7000 
8000 
9000 

No. of cycles 
to failure. 

103  

78, 100 
74, 048 

 ,74‘000 
69,00 
69,900 
69.900 
65,800 
65, 200 
64,700 
63, 700 
61.600 
57 500 
57, 500 
65, BOO 
74,000 

,2,83 

.361 
1.637 

182 
568 

1.916 
4.643* 
5,683* 
6, 722* 
5, 635i 
5, 450* 
T,TiOlrb 
6, 000* 
6,000* 



Spiral 
Rolled 

(Ref. 23) 

10, 000 
9 000 
8500 
8375 
8375 
8250 
8125 
8000 
7750 
7375 
7000 
7000 
8000 
9000 

82,200 
74,000 
69,900 
68,900 
61,900 
67, 800 
66, 800 
65, 800 
63, 700 
60;600 
57 500 

.57, 500 
65,800 
74,000 

303  
651 

2, 350 
1,524 

95G 
1,482 
2,213 
2,504 
2, 284 
9, 323* 

11,516* 
'Ube 

6, 000* 
6,000* _ 

Sample 
No. 

E1..1 
EIS-Z 
EIS.3 
E1.5.4 
EIS- 5 
LIS-6 
LIS-7  
LIS-8  
LIS-9 

 E1S-11 
LIS-10 

 SR-Z 
SR-3 

TABLE V. 

Sample =broken. 

Fatigue Teste of Ni-Cr-Mo Steel, Induction  il  
ardened and Shot-peened, tmder Dry Conditions. 

Bencling 
moment 

(inch-pounds) 

Maximum etrees, 
'psi 

(edge A and flat B) 

No. of ciclea 
to failtire, 
X  10 3  

TABLE.VI. - Laboratory Drilling  Tiras  of Different  
Types of Drill Rode, Obtained on Type 1  
Laboratory Drilling lvfachine  a  =der Dry 
Testing Conditions. 

Load on Type 1 Laboratory 
Drilling Machine 

Bending Moment, Maximum Sire là,  
psi 

Cycles to Failure 
(Drilling Time, Minutes) 

Untreated Spiral-Rolled 
Endurance 
Factor 

One-inch quarter octagon Cr-Ni-Mo steel 

7/8 inch quarter octagon SAE 1080 steel  

5000 	 61,500 	90,000 	1,055,000 	11.5 
(45min.) 

7/8 inch hexagonal,  NI-Cr-Mo  "Nushank" steels A, B, C 

	

57,000 	216,000 	3, 385, 000 	15.5 
(108min.) 	(1, 690 min.) 

	

57,000 	216,000 	4,200, 000 	20 
(108min.) 	(2,100  min.) 

	

71,250 	75,000 	120,000 	 1.6  
(37 mm.) 	(60 min.) 

	

71,250 	75,000 	135,000 	 1.8 
(37min.) 	(67 edn.) 

7/8 inch hexagonal Cr-Mo  "Vibre  .l et" tyieè steel "V"  

(525 min.) 

4000 

4000 

5000 

5000 

could be reported. The steeper slope 
of the curve B, S-N relations for 
the corrosion test, as compared with 
the slope of curve A, S-N relations 
for the dry test, shows that the 
required number of cycles to fail- 

ure below the intersection point of 
these curves is considerably lower, 
and therefore the life of drill steel 
under water-corrosion conditions is 
much shorter than under dry condi-
tions. For this steel a corrosion 

350,000 
(175 min.) 

282,000 
(140min.) 

89,000 
140 min.) 

	

6, 000, 000 < 	over 17 
(3, 000 nain.)< 

	

6,000,  000< 	over 21 
(3, 000 tnin.)< 

6,000, 000 < 	over 25 
(3,000 min.)< 

71,250 	86,000 
(43 min.; 

5,  127,000 
(2, 563,000) 

5000 over 60 

7000 

8000 

9000 

57, 500 

65, 800 

74,000 

Typical dual type fatigue frac-
tures were observed, with two dis-
tinct zones, namely: 

(1) A regular matte surface 
(M1) resulting from a crack initi-
ated at the nucleus of fatigue, 
progressing toward the internal 
water hole, and battered smooth by 
repeated opening and closing of the 
crack taking place during each 
cycle. 

(2) A rough matte-crystalline sur-
face (MX1) indicating a sudden 
fracture resulting from overstress-
ing. 

The fracture surface is about 50% 
MI and 50% MX1. 

The Eatimated Fatigue Limit be-
tween samples E1S-9 and E1S-11 
on the S-N diagram is 7,600 inch-
pounds and 62,200 p.s.i.• 

DISCUSSION OP THE TEST RESULTS 

The effect of induction surface 
' hardening, shot-peening, and spiral-
rolling on fatigue limit of SAE 
1080 plain carbon steel in the as-
rolled condition is shown in Figure 
5 and in reference 20, Figure 8. 
S-N relations for SAE 1080 induc-
tion hardened, shot-peened and 
drawn, and spiral-rolled drill rods 
have been given in Figure 4. The 
intensity of shot-peening used was 
about 15 as measured on Almen 
strip A, and the temperature of 
draw was 450°F. 

The fatigue limit of the SAE 
1 080 drill steel in the as-rolled 
condition is ±-35,000 p.s.i. under 
rotating bending conditions. The 
fatigue limit of the same steel after 
shot peening increased to '-±-44,700 
p.s.i., i.e.,  28  per cent; after shot-
peening and draw, it increased 
±- 45,00 p.s.1., i.e.,  28.5  per cent; 
and after induction surface harden-
ing a fatigue limit of -±-53,000 p.s.i., 
i.e., a 51 per cent increase, was ob-
tained. With the as-rolled condition 
as datum, the corresponding per-
centage increases of fatigue limits 
for different surface treatments are 
shown in Table VIL 

In Figure 5 the S-N curves A 
and B, for dry and water corrosion 
conditions, cross above the fatigué  
limit of steel A at about a stress of 
39,000 p.s.i., which shows that the 

• water stress- corrosion starts to be 
detrimental for a new drill steel 
after a million cycles (which are 
applied in about 14 hours).  tIp to 
that time the stress corrosion does 
not show a detrimental effect on 
the life of the drill steel; on the 
contrary, at high stress levels some 
beneficial effect of water cooling 
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would be to determine the S-N re- 
lations for dry and water corrosion 

•conditions under laboratory simu-
lated service conditions, a method 
introduced previously (19, 20). 

In order to explain the mechanism 
of the strengthening effect of the 
different surface treatments dis-
cussed, it is first necessary to know, 

S—N DIARAMS 
‘5.74c, 

DUCT10114 HARDENED sPIRAL-R0LLE0(5R) 
- 

5,7 

fatigue failure was obtained under 
a stress as low as 16,500 p.s.i. 

Shot-peened surfaces, besides in-
creasing the endurance strength and 
fatigue limit of steel SAE 1080 as 
shown in Figures 4 and 5, reduce 
considerably the effect of the in-
crease of slope of the S-N curve 
due to water corrosion; the same 
could be expected after induction 
hardening. The life of D steel is 
greatly increased as compared to 
B steel. 

The effects of the various surface 
treatments, i.e., induction surface 
hardening, shot-peening, spiral-roll-
ing, and induction surface harden-
ing and shot-peening combined, on 
Ni-Cr-Mo steel are shown in Fig-
ures 6 and 7 and Tables III to VII. 
A few of the. many practical con-
clusions which could be drawn from 
the results obtained are discussed 
belovr. 

In Table VII, where the effects 
of different surface treatments on 
the fatigue limits of Ni-Cr-Mo steel 
'are shown and where their percent-
age increases compared to SAE 
1080 and Ni-Cr-Mo both in the as-
rolled condition are given, the bene-
ficial effects of all types of sur-
face treatments discussed are obvi-
ous. 

In Figure 7, the S-N relations ob-
tained from steels E and F enable 
the following observations to be 
made. 

As mentioned previously, in the 
case of drill steel SAE 1080 the 
effect of water corrosion on the S-N 
relations in the damaging range of 
stresses, i.e., above the fatigue limit, 
also has a tendency to increase the 
life of the Ni-Cr-Mo drill steel in 
our testing conditions. The curves 
E and F cross each other in a char-
acteristic point at about a stress of 
53,500 p.s.i., which is above the 
fatigue limit for . the as-rolled con-
dition. Below this characteristic in-
tersection, curve F is fairly close 
to a straight continuation of the 
curve E for dry conditions above 
the fatigue limit. 

The beneficial effect of the shot 
peening of Ni-Cr-Mo drill steel, 
as shown by the relative position of 
the E and G curves (Figure 7), is 
characterized by a large increase of 
fatigue limit (about 17,000 p.s.i., 
36%) and  by  a large increase of the 
life of drill steel for stresses above 
the fatigue limit of G steel. This 
increase diminishes in the higher 
stress range because of a lower slope 
of curve G as compared with E, 
The S-N curves F and II are al-
most parallel on a semi-logarithmic 
scale for shot-peened and un-peened 
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specimens 	o f reig 
steel under water 
corrosion condi-
tions, and for the 
same life (N) the 
stress is increased 
by . about 30,000 
p.s.i. The in-
crease of t h e 
slope of the II 
curve in relation 
to the G curve il-
lustrates the pos-
sibility of a. bene-
ficial effect of 
water cooling in 
the higher range 
of stresses, i.e., 
above the fatigue 
limit of G steel. 

The beneficial 
effect of shot 
peening is com-
parable to that 
of induction sur-
face hardening in 
the case of Ni-
Cr-Mo steels, but 
spiral-rolling (23, 
24) is much more 
effective than 
either shot peen-
ing or induction 
surface harden-
ing. 

TILE MECILANIsM OF THE STRENGTH- 

ENING ÉFFECT OF SURFACE 

TREATMENTS 

All service failures of drill rods 
are attributable to some type of 
fatigue failure, and in order to pre-
dict the field performance of avail-
able drill steels the most logical way 
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in general, the mechanism of the 	TABLE VII.  .. Comparison of Effect of Different Surface Treat- 
fnilure of metals in fatigue, par- 	 znents  on Fatigue Limit, under Dry Conditions. 
tieularly the drill steel under con- 
sideration. 	 FATIGUE LIMIT 

The mechanism of failure of drill 
steel under alternating stresses will 	 In Per Cent 	In psi 
be explained in a simplified manner 	 As rolled r-' 100) 	  
In Lite following paragraphs: 

	

When the magnitude of an ex- 	 -.A. SAE 1080 Steel 
ternally applied dynamic load 
reaches a value which will produce, 	 As rolled 	' 	100 
along various atomic crystal planes, 	

± 35, -000 

a shear stress which exceeds the 	 Shot-peened 	 128 	 ±44. 700 
elastic limit in shear, a local plastic 	 . 
deformation (a slip of atomic 	 Shot-peened and 
planes) takes place. During this 	 drawn 	 128.5 	1'45,000 
local initial plastic deformation, the 
so-called strain hardening or cold 	 Induction surface 
work phenomenon appears, and if 	 hardened 	 151 	 ±53,000 
the magnitude of the resultant al- 
ternating shear 'stresses resolved 	 S.R. - Spiral-Rolled 	175 appr. 	+ 61,500 
along the atomic planes showing 
the least resistance to sliie of atoms 	 B. Ni-Cr.--Ma - Steel  
is not large, further slip is stopped 
and the metal does not show further 	 As rolled 	 100 	± 47.800 
local changes. 	This is the safe 
range of stresses, and failure is 	 135.5 	1.-  64, 750 Shot-peened 
not expected. • 

	

If the external alternating load 	 Shot-peened and 
exceeds a critical value, local plas- 	 drawn 	 137 	 ±65.250 
tic deformation will be produced 
which will exceed the limiting range 	 Induction surface 
of crackless deformation, and small 	 hardened 	 137 	 -.1" 65,500 
cracks or discontinuities will re- 
sult. During further alternating 	 Induction surface 
loading these local cracks start to 	 hardened and 
grow in number and size, and if 	 shot-peened 	 130 	 4. 62,200 
they reach a critical saturation a 
nucleus of fatigue is formed and . 	 S.R. -Spiral-Rolled over 155 	over  ±74,000 
the metal fails. 

On the as-rolled surface of min-
ing drill rods, a large number of 
local pits, sharp notches, and a vari-
ety of irregularities of geometrical 
and metallurgical origin, may be 
seen. These surface imperfections 
have their origin in the solidifica-
tion of ingots in molds with irregu- 
lar surfaces, and are formed dur- 	10000 
ing rolling operations by the im-
pressions of the oxidation products 
from the heating of the ingot in the v%  
furnace. 	 a 

These surface imperfections, be- tê.  
cause of their characteristic geo-
metrical irregularities, introduce 
large local stress concentrations. 
The stress concentration factors of 

 these irregularities may range up 	f, 
to 2 or 3, i.e., the actual stress may 
be two or three times the normal 	BC 
stress obtained by direct measure- 	(1 
ments or by calculations. Its value 	a- 

depends on the radius of the root 
of the notch, i.e., its sharpness, and 	ice. 
on the dimensions of the section. 
The presence of these surface notch- 	7°°° 
es produces local overstressing, 
which in turn causes local plastic 
deformation at their roots.  As long 
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as this plastic flow does not exceed 
the critical amount, that is, as long 
as it remains in the crackless region, 
the large local stresses are relieved 
during cyclic loading, but if the 
critical amount of mixed-up plastic 
flow under tension-compression 
stresses is exceeded, the nucleus of 
fatigue failure will be formed. 

In the majority of mechanical 
elements the maximum stress ap-
pears at the outside surface and 
it is therefore clear that the nuc-
leus of fatigue failure will be 
formed on the outside surface. 

Fatigue fracture of mining drill 
rods is, as a rule, of a duplex char-
acter: the fracture starts from the 
nucleus of fatigue, usually coincid-
ing with the point of expected 
maximum stress, and from a local 
stress concentration, e.g., a surface 
imperfection. The presenée of this 
nucleus introduces a very sharp 
notch, and the failure continues 
progressively during cyclic loading 
until the uncracked portion breaks 
suddenly due to overloading. In a 
progressive fatigue failure, the area 
of fracture adjacent to the nucleus 
is smooth because the surface is 
rubbed by the oscillating tension-
compression load. This part of the 
fatigue fracture sometimes shows 
radially progressing circular rings 
with the centre in the nucleus. The 
area broken last is undamaged and 
is coarser and more crystalline in 
appearance than the first part. 

To the above simplified picture 
of fatigue failure the effect of 
water corrosion on the outside sur-
face is added. Under water corro-
sion, the formation of a large num-
ber of nuclei of fatigue failures 
will be greatly accelerated and, the 
corrosive action of water being in-
tensified by the action of local 
stress concentrations, a large num-
ber of local intensive stress raisers 
in the form of sharp pits will be 
produced. 

The presence of surface decar-
burization introduces a layer of 
metal of lower mechanical strength 
as compared with the core of the 
drill rod. Therefore, a lower fatigue 
strength should be expected for a 
drill rod with surface decarburiza-
tion, as compared with a rod with 
a non-decarburized surface. 

The shot-peened surface of a 
drill rod has a much higher fatigue 
limit and endurance strength under 
dry and water corrosion conditions 
than has the unpeene,d surface, as 
may be seen from the S-N diagrams 
shown in Figures 4 to 7. 

Using the previously described 
mechanism of failure in fatigue,  

the beneficial ef-
fect of shot peen-
ing could be ex-
plained as being 
a resultant of the 
following pheno-
mena: 

(1) The smooth-
ing of the rough 
and irregular sur-
face of as-rolled 
drill rod by the 
impact and clean-
ing action of cast 
iron shot strik-
ing the rod in 
large 	quantities 
and under high 
velocity. The di-
rect effect is the 
reduction of the 
stress concentra-
tion at the roots 
of numerous 
notches at the 
surface. 

(2) The cold-
worked thin sur-
face layer fias 
higher 	mechan- 
ical 	properties 
such as yield and 
ultimate tensile 
strength a n d , 
therefore, h a s 
higher fatigue strength. 

(3) Locked-in, high, surface-
compression stresses introduced by 
large plastic deformation through 
intensive 	shot 	peening. 	These 
stresses are mainly responsible for 
improving the fatigue strength of 
drill rods. 

These surface-compression stress-
es are built up by the elastic recov-
ery of the plastically deformed thin 
outside layer. At pr'esent all types 
of drill rods are decarburized on the 
surface to a depth depending on the 
chemical composition of the steel, 
the temperature and oxidation in-
tensity of the furnace atmosphere, 
and the time exposed during the 
heating and rolling operations. 
Hence, the shot peening treatment 
will affect primarily the rough as-
rolled and decarburized surface. 

The locked-in compression stress, 
when superimposed by working 
stress, gives a resultant surface 
stress during tension loading which 
is lower than the tension working 
stress by the magnitude of the 
residual stress locked-in during 
shot peening. In compression load-
ing, the compression working stress-
es are increased by the same 
amount. 

The upper limit of the locked-in  
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compression stresses introduced by 
shot peening is limited by the yield 
strength of the outside decarbur-
ized surface. The maximum possible 
increase in fatigue limit which may 
be obtained hy shot-peening would 
be determined by a comparison of 
the fatigue limit of an as-rolled drill 
rod with the fatigue limit of a 
smoothly machined drill rod after 
shot-peening. 

In general, the mechanism of the 
beneficial effect fo the shot-peen-
ing of drill steel could be explained 
by the three factors listed above. 
The influence of the third factor, 
i.e., locked-in compression stresses, 
should be regarded as the most ef-
fective. 

The mechanism of the improve-
ment of fatigue strength of drill 
steel by induction surface harden-
ing is somewhat different from that 
of shot-peening. In this type of 
surface treatment the following 
phenomena contribute to the im-
provement of the fatigue strength 
of the drill steel: 

(1) In the decarburized zone the 
induction hardened surface has a 
much higher hardness and, there-
fore, a higher fatigue limit. How-
ever, the quenching of induction 
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longitudinal section of induction 
surface hardened SAE 1080 and 
Ni-Cr-Mo drill rod. The plain car-
bon steel (1080) shows two dis-
tinct hardness zones: (1) a surface 
zone decarburized to a depth of 
about 0.004 inch, with a hardness 
range of 39 to 59 Rockwell C and 
the possibility that the outer 0.001 
inch of its thickness may have a 
lower hardness; (2) an inner, fully 
hardened zone about 0.016 inch 
thick and having a hardness range 
of 64 to 67 Rockwell C. The transi-
tion zone between the second zone 
and the core has a very sharp drop 
of hardness, as may be noticed in 
Figure 8. 

The induction hardened case of 
Ni-Cr-Mo steel is composed of 
three distinct zones. The first zone, 
about 0.004 inch thick with a hard-
ness about 56 Rockwell C, coincides 
with the outside decarburized lay-
er of drill steel. The second zone, 
about 0.022 inch thick with a hard-
ness range from 62.5 to 65 Rock-
well C, is the fully hardened case. 
The third transition zone is 0.018 
inch thick, with a hardness range 
52 to 46 Rockwell C. The micro-
structure of these zones is mar-
tensite with some retained austenite 
and a 'Wide range of austenite-mar-
tensite transformation products. 

CoNcLustows 

The results of this research in-
dicate that shot-peening, induction 
surface hardening and spiral-roll-
ing produce substantial increases in 
the fatigue limit of drill steel.  These 
increases in the fatigue strength of 
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heated, rough, as-rolled surfaces 
might increase the number of sur-
face cracks and also might increase 
previous irregularities and sharp- Go 
nest; of the roots of notches ,  in the 
outside surface of drill steel; all of 
which could have a detrimental ef-
fect on fatigue strength. 

(2) The induction hardened sur-
face layer or case, of a depth of 
about 20 to 50 thousandths of an 
inch, is exposed to residual thermal 
stresses built up during the quench-
ing of the induction hardened sur-
face. These stresses are introduced 
by the changes of volume taking 
place during the transformation of 
austenite into martensite. If these 
volume changes are greater than 
the average thermal contraction co-
efficient, this conld account for sub-
stantial locked-in compression 
stresses. 

These two phenomena would be 
mainly responsible for the increase 
of the fatigue strength, noticed in 
our research. 

Taking into consideration the 
beneficial effect of shot-peening, it 
would be reasonable to expect that 
the induction surface hardening 
treatment followed by shot-peening 
could further improve the labora-
tory fatigue performance of drill 
steel. The S-1•7 relations for this 
combined treatment are shown in 
Figure 6, curve  FIS. A small drop 
of fatigue limit in the EIS curve, 
as compared with the El  and GT 
curves, shows that the expected 
beneficial effect of surface treat-
ment had reached its optimum and 
that any additional effort to in-
crease the effect of locked-in sur-
face stresses is not effective, even 
might be detrimental. 

The mechanism of the improve-
ment of fatigue strength of drill 
steel through spiral-rolling treat-
ment is based on the principle of 
the so-called differential plastic de-
formation — through the impres-
sion of one or more spiral (helical) 
grooves into the surface of the drill 
steel, as shown in Figure 9. 

The interlocking of areas with 
different amounts of plastic de-
formation, i.e., large deformations 
in the valleys and stnaller or no 
deformations at the peaks of the 
impressed grooves, is responsible 
very substantially for the durabil-
ity of the spiral-rolled (S.R.) drill 
steel. Further data on the applica-
tion of spiral-rolled drill steel are 
given in the references 23 and 24. 

In Figure 8 are shown the re-
sults of the hardness test of a 
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(8)  

(9)  

drill steel may be studied from the 
S -N relations shown in Figure 5 and 
Figure 7. After analyzing all fea-
tures of the different surface treat-
ments discussed in this paper, the 
spiral-rolling (23, 24) of drill steel 
after all forging and heat-treating 
operations have been completed is 
the most effective treatment. 

The author wishes to extend an 
expression of gratitude to the min-
ing and steel industries for the 
help, collaboration, and technical 
information given so generously 
during his field trips to British Co-
lumbia, northern Ontario, and 
northern Quebec. 
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CONTRIBUTED DISCUSSION 

F. S. ANDERSON, Director, Con-
solidated Zinc Proprietary, Limited, 
Melbourne, C.I. Australia: The in-
teresting papers by Mr. Wlodek 
(refs. 19, 20, 21) have been studied 
by members of the technical staff 
of the Zinc Corporation, Limited, at 
Broken Hill. 

In this country we know of no-
body who has similarly attempted 
to develop laboratory tests to simu-
late working conditions. In our own 
case we are continually conducting 
carefully controlled tests in selected 
locations in the mine. Apart from a 
series of block impact tests (which, 
when related to actual drilling tests, 
proved that the former were worth-
1ess as a short cut to determining  

the relative fatigue life of various 
drill steels), all work  lias  been done 
by tests under operating conditions. 

One reason we have not seriously 
considered research on the general 
lines Mr. Wlodek is using is that 
we have an extraordinarily wide 
range of drilling conditions and find 
that performance is sometimes more 
a function of thé conditions than 
of the equipment. 

We wish to make the following 
comments: 

(1) That before continuing mucb 
further on the lines discussed in 
the papers mentioned, it might be 
wise to conduct, with the same 
steels, a series of field tests in each 
of several rock types, to ascertain 
what correlation there is between 
the test results and those obtained 
in field work. 

(2) That our experience is that 
most fatigue failures start from the 
water hole and not from the outside 
fibres, so that we have considerable 
doubt as to whether the test meth-
od described does stress a rod in a 
manner approaching conditions met 
in practice. 

(3) That in view of (2), the 
effects of surface treatments de-
duced from the tests might well not 
be closely borne out by field tests. 

AUTHOR'S REPLY: Mr. Anderson's 
comments on block impact tests are 
convincing and we agree that this 
method should not be recommended 
for the determination of the rela-
tive fatigue life of various drill 
steels because of reasons given in 
our papers. 

Using the simple Canadian meth-
od (refs. 19, 20, 21) for the relative 
laboratory evaluation of the per-
formance of drill steel and attach-
ments, we may correlate obtained 
S-N data with the actual field per-
formance by assigning a corres-
ponding impact resistance of rock 
to the proper stress level. The selec-
tion of a proper stress for different 
mining and operating conditions is 
recommended in our ref. 22 and is 
based on E. J. Wells' paper pub-
lished in Australia (ref. 2). 

We are attempting to correlate 
the data obtained from the Cana-
dian methods of testing with the 
field performance using the tech-
nique given in our paper (refs. 21, 
22). In our simulated service test, 
only the outside fibres were exposed 
to the maximum reverse-bending 
loading and therefore the results 
obtained reflect only the fatigue 
characteristic of the outside surface 

(5) 

(11) 
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of drill steel and attachment. Usual-
lv the es isting ontside surface im-
perfections con  il ned with the 
bending stresses favour the location 
of the nucleus of fatigue failure 
there. If the fatigue failures start 
from the water-hole it would indi-
cate that the inside surface is less 
perfect and, additionally, that the 
internal stress-corrosion is more in-
tensive. 

GEORGE M. DICK, Chief Engineer, 
Canadian Ingersoll-Rand Company, 
Limited: One of the most important 
factors in many mining operations 
is cost. And one of the costly op-
erations in most mines is drilling. 
Any method of decreasing the cost 
of drilling must be heartily wel-
comed by those in the mining in-
dustry, as well as by those associ-
ated with it. Mr. Wlodek has done 
some very fine work through  bic  
fatigue testing methods in helping 
to develop means of increasing the 
life of drill steel, and for this he is 
to he congratulated. 

First Mr. Wlodek developed the 
testing methods which he described 
in his paper entitled 'A Method of 
Fatigue Testing Mining Drill Rods 
(19). Now he is using these fatigue 
testing methods in useful study of 
various treatments to drill steel. 
The results in his study of the shot 
peening, the induction hardening, 
and the spiral rolling treatments 
are most interesting. 

It has been known for some time 
that surface treatments which will 
cause the surface layer to be in 
compression will increase the 
fatigue life of metals. Comparisons 
between the effectiveness of differ-
ent treatments, however, have not 
been so forthcoming, and it is the 
job of a good testing method to 
correct this and promote further 
study to the improvement of drill 
steel. 

The most effective surface treat-
ment for one kind of steel is not 
necessarily- the best treatment for 
another steel. In the Ni-Cr-Mo 
steel, shot peening is slightly more 
effective than induction hardening, 
but there is little choice between 
them. In the SAE 1080, however, 
induction hardening has consider-
ably more effect than shot peening. 
It is very interesting to note that, 
as a result of Mr. Wlodek's latest 
investigations, spiral rolling of drill 
steel after forging and heat treat-
ing operations  lias  been shown to 
be most effective surface treatment. 
The best treatment, or combination 
of treatments, must be determined 
for every steel, and the effect can 
now be rneasured. 

As manufacturers of all types of 
equipment we were very in-

terested in this paper.  'Flic  indus-
try has for many years been search-
ing for methods of testing drill bits, 
attachments, and drill steel, in order 
that improvements may be made in 
design nod type of mnlerial. 

One of the most important steps 
in a programme of research on drill 
steel is to establish a method of 
testing the steel. This has been the 
subject of considerable investiga-
tion by Mr. Wlodek, and we are 
glad to see that he has made real 
progress along this line. 

One of the difficulties in this, as 
in any fatigue work, is the large 
amount of time and material con-
sumed. To test one piece to five mil-
lion cycles would require many 
hours of actual testing, to say noth-
ing of the time consumed in prepara-
tion of the specimen. 

The other difficulty which comes 
to mind is that of determining and 
duplicating actual field conditions 
in order that a comparison may be 
made between test results and ac-
tual drilling time. 

Actual stressing in the field is 
governed by a number of variables, 
including straightness of steel, type 
of rock, operating conditions (air 
and water pressure), and the op-
erator. 

Therefore, no testing method 
could hope to duplicate any par-

-ticular service conditions. The meth-
od should, however, produce results 
that can be compared to those in 
average mine conditions. This com-
parison should be the measuring 
stick in determining the virtues of 
any particular testing method. 

Speaking generally, we would 
say that our experience corroborates 
the results which Mr. Wlodek ar-
rives at, namely, that the fatig-uè 
limit of Ni-Cr-Mo drill steel is high-
er than that of Cr-Mo drill steel, 
which in turn is higher than SAE 
1080 steel. 

The method described should be 
very useful to manufacturers of drill 
steel, and also to heat-treaters, in 
determining the optimum conditions 
for maximum life of drill steel un-
der normal conditions. Apparently, 
shot peening will increase the en-
durance limit of drill steel several 
hundred per cent. Similar results 
are shown With the induction sur-
face hardening treatment. 

It will be interesting to see S-N 
diagrams for other shapes of drill 
steel (hexagon, round, etc.) as well 
as for other types of steel. 

In his paper Mechanical-Metal-
lurgical Problems Associated with 

Mine Drilling Operalions (ref. 21), 
Mr. Wlodek  lias  described the vari-
ous types of attachments and bits 
that are on the market at the pres-
ent time and lias  discussed the vari-
ous types of failure that are com-
mon. 

The problems associated with 
fatigue in drill steel have been well 
covered by tbe author in other re-
cent papers. A method of testing 
lias  been described and many in-
teresting and useful S-N diagrams 
have been drawn. 

Now similar work is being at-
tempted covering bits and attach-
ments. It is much more difficult to 
simulate service conditions in this 
case,  where we are concerned not 
only with impact or shock loads but 
also with abrasion of the tips, 
abrasion on the gauge, shear in the 
braze material, water corrosion,  etc. 

Probably more than one test will 
he necessary to evaluate tungsten 
carbide tipped bits. Mr. Wlodek 
has described one method of testing 
bits and attachments in fatigue. In 
this test the impact stress encount-
ered in practice is duplicated to a 
certain extent. The value of this 
'method, however, will not be proven 
until further tests have been per-
formed. The ideas behind this test-
ing method are sound and we st 
no reason why this should not 
a good method of testing bits and 
attachments. Water corrosion con-
ditions may also be followed in this 
method. 

The other method of fatigue test-
ing with which we are familiar is 
that of actual drilling in granite or 
other rock and measuring the num-
ber of feet drilled before failure 
of the bit. This is a costly proce-
dure, although probably faster than 
the laboratory method described. 
Other disadvantages of this meth-
od are that it is so noisy and dirty 
that it could not possibly be per-
formed in the laboratory. Quiet 
laboratory tests such as those de-
scribed by Mr. Wlodek are much to 
be preferred if they are proven sat-
isfactory. 

AUTHOR'S ItEpLy: In reference 
" to Mr. Dick's comments, the effect 
of variables influencing the field 
stressing  conditions  could be taken 
into consideration by- selecting a 
test load to obtain a number of 
cycles to failure-equivalent to  tinte  
of actual drilling. We do not expect 
difficulties in determining the rela-
tive performance of different drill 
StCC1S 11Sillg OUT teStillg MethOdS. 

As proposed by Mr. Dick,  the 
widening of our research work to 
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include various shapes and types 
of drill steel is gradually taking 
place. Table H In ref. No. 22 gives 
analytical data indicating what 
could be expected from dif ferent 
shapes of drill steel. 

We are very hopeful as to the 
effectiveness and usefulness of our 
proposed methods of fatigue test-
ing of drill steel and conical and 
threaded drill rod attachments — 
our Types I, II, and III laboratory 
drilling machines; but we share Mr. 
Dick's opinion about existing dif-
ficulties in shnulating working con-
ditions of bits. Therefore, our pro-
gramme at present does not include 
the development of machines for 
bit tests. 

The above discussions represent 
only a portion of the comments and 
inquiries received in connection 
with metallurgical and mechanical 
problems related to mine drilling. 

These comments and inquiries, 
for which the author is very grate-
ful, have proven to be extremely 
helpful in stimulating further work 
on the solution of these problems. 

D. S. KEMSLEY, School of Mines 
of W. A. Kalgoorlie, Western Aus-
tralia: I have read your paper en-
titled A Method of Fatigue Testing 
Mining Drill Rods (ref. 19), in 
which I was deeply interested. 

As you are probably well aware, 
the shank-end fatigue failures in 
drilling practice begin either at the 
water hole or at the outside surface, 
the distribution being roughly 50 

per cent of each .type. 

It seems that the majority of 
shank-end failures are occurring 
within about 1/8  in. of each side of 
the valley at A, corresponding to 
the end of the heat-treated zone, 
and shown on the accompanying 
hardness diagram of a typical shank-
end failure. 

I understand that such failures 
are occurring in the copper belt of 
Northern Rhodesia, and at Wit-
tenoom Gorge in W.A., as well as 
at Kalgoorlie. I would welcome 
your comments on the incidence of 
this phenomenon  in the Canadian 
mining industry, where forged 
shanks are employed. 

Have you done any work on 
fatigue testing of drill rods with 
heat-ireated shanks, using the new-
ly developed Canadian method of a 
laboratory shnulated service test of 
drill steel? 

AUTHOR'S REPLY : In answer to 
Mr. Kemsley's discussion I will re-
fer to our papers already published  

and to technical data collected for 
papers which we intend to publish 
in the near future. 

Metallurgical Notch in Drill Steel 

Mr. Kemsley's observations that 
the shank fatigue failures begin 
either at the water-hole or from the 
outside surface, in both cases most-
ly at the section of the lowest hard-
ness, the valley A of the hardness 
pattern, agree, with our observa-
tions made in Canada. 

The 	so-called 	'metallurgical 
notch', the softest section of the 
drill steel aÉ the heat-transition Zone 
between the heated and as-rolled 
Part of a mining drill rod, is the 
weakest portion and usually fails in 
fatigue. 

A typical hardness pattern of 
a heat-treated conical attachment 
made from 7/8-inch quarter octagon 
Ni-Cr-Mo steel is shown in Figure 
8, ref. 22. 

The simulated service test em-
ploying our Canadian method of 
fatigue testing drill steel (ref. 19) 
supports Mr. Kernsley's observa-
tions made in Australia. 

The results of fatigue testing in 
the area of the metallurgical notch 
are as follows: at the stress level 
zt.-73,800 p.s.i., the expected time of 
drilling is reduced from 52 minutes, 
on the as-rolled portion of the drill 
rod, to 23 minutes, i.e., 56 per cent, 
on the portion of rod having the 
metallurgical notch. At the stress 
level +61,500 p.s.i. the time of 
drilling is reduced from 118 minutes 
for the as-rolled condition to 61 
minutes at the metallurgical notch. 
This detrimental effect of metal- 

lurgical notch is unavoidable for the 
heat-treated attachment and could 
he remedied by shot-peening, as is 
shown in the first series of re-
ports published on mine-drilling 
(refs. 19, 20, 21) or by spiral-roll-
ing (refs. 22, 23). 

Fatigue Strength of Heat-Treated 
Drill Steel 

We share fully Mr. Kemsley's 
interest in the study of the effect 
of heat-treatment on drill steel. The 
Canadian method of drill-rod test-
ing should be extended to all prac-
tical applications in mine drilling 
research, but our lack of time is 
delaying the publication of this in-
teresting data. 

The S-N relations obtained on 
S.A.E. 1080 carbon steel in the as-
rolled, shot-peened, oil-quenched, 
and oil-quenched and shot-peened 
conditions, are very interesting. 

If for comparison purposes we 
choose a load level :=_F: 53,500 p.s.i. 
and assume 100 per cent drilling 
time (80,000 cycles) for as-rolled 
conditions; 250 per cent (225,000 
cycles) for the as-rolled and shot-
peened ; and 1,400 per cent (1,250.- 
000 cycles) for rods quenched in 
oil and for quenched and shot 
peened, even higher performance 
could be exp. ècted. 

The above two topics mentioned 
in Mr. Kemsley's discussion are 
very interesting and characteristic 
of the large variety of mechanical-
metallurgical problems existing in 
mine drilling operations. 

OLAF Tnorm, 'Metallurgical En-
gineer, Johannesburg, South 
Africa: We have learned with great 



interest about the fatigue testing 
machine, for mining drill rods, de-
veloped by you (ref. 19). 

We have, in South Africa, a spe-
cial problem because of drilling 
techniques which quite often involve 
'dry drilling', i.e., drilling without 
water for sludging. This is particu-
larly the case with a great number 
of quarries and small mines. 

When drilling dry, the bit-end of 
the steel is heated to a considerable 
extent (about 100 to 200°C.). 
Tungsten carbide tipped Cr-Mo al-
loyed steels of the Diesel-bit type 
are employed (approx. analysis of 
the steel 1.0% C; 1.0% Cr; 0.30% 
Mo). 

There is a tendency for the steel 
to break off a few inches from the 
bit end where low hardness (22 to 
28 Re) was obtained at brazing. 
This type of steel • failure occurs 
more frequently in `dry drilling' 
than in wet drilling. 

It would be of interest if the 
S-N curves for a Cr-Mo alloyed 
steel of the above type could be 
determined at increased tempera-
ture. The steel should be treated in 
a similar way as in the brazing op-
eration (heating to about I,000°C.) 
so as to get a soft zone. 

It would interest us to know 
whether you have planned to in-
clude a test as above in your re-
search programme. 

AUTHOR% REPLY:  With  the data 
already on hand we hope to be able 
to provide Mr. Troili with the answ-
ers and some illustrative informa-
tion without performing actual 
laboratory tests. 

The temperature during dry-
drilling is estimated by Mr. Troili 
to be between 100 °  and 200°C. 
Since, in our laboratory drilling 
machine Type I, we have also ob-
served a comparable heating of the 
drill-rod sample, especially in the 
high range of stresses, we can as-
sume that our S-N relations obtained 
under dry conditions are similar to 
dry drilling. Also our S-N relations 
obtained under water corrosion con-
ditions are comparable to his 
drilling with water used for sludg-
ing. 

In nuraerous cases, we have al-
ready proved that the circulating 
water used for sludging has a tyro- 

fold ef feet on the field performance 
of a drill-rod: (a) an electro-chem-
ical one i.e., a corrosive one which, 
combined with the dynamic stress-
es, introduces stress-ciirrosion ac-
celerating the progressive destruc-
tion of drill-rod —• this is a detri-
mental effect; (b) a cooling effect 
of circulating water, which in-
creases the endurance strength of , 
the drill rod above the values ob-
tained under dry conditions — this 
is a beneficial effect. 

Cases (a) and (b) are illustrated 
in Figures 3 and 4 ref. 20), and 
particularly in Figure 3 (S.A.E. 
1080) by curves A and B where, for 
stresses (loads) below the inter-
section point (A-B), the corrosive 
effect is detrimental; for stresses 
above point (A-B) the cooling ef-
fect of circulating water is a bene-
ficial one, i.e., it increases the life 
(time of drilling to failure) quite 
substantially. The same could be 
said about curves C and D in Fig-
ure 4 (Ni-Cr-Mo steel), curves E 
and F, and curves G and If. 

In these-  four examples the bene-
ficial water cooling effect for 
loads above the intersection points, 
and the detrimental effect of the 
stress corrosion below these  inter-
sections,  is adequately illustrated. 
For stresses at the intersection 
points, these effects balance each 
other. 

We  do not have available data 
covering the steel rnentioned .by 
Mr. Troili (1.0% C, 1.0% Cr, 
and 0.30% Mo), but from the 
S-N relations for dry condition of 
that steel shown in Figure 14, ref. 
19, we can assume with reasonable 
safety that similar relations exist. 

Referring to Mr. Troili's observa-
tion "there is a tendency for the 
steel (drill rod) to break off a few 
inches from the bit end (at the so-
called metallurgical notch)", we 
can offer the same explanations as 
given to Mr. Kemsley. 

P. H. WHITE, Works Manager, 
A. C. Wickman Limited, Toronto: I 
should like to make one comment. 
Whilst the improvement obtained 
through spiral rolling rods subject-
ed to laboratory tests has not been 
entirely consistent on different 
types of test and with different 
steels, it is my impression that these  

results have nevertheless been 
more consistent, and have usually 
shown a somewhat higher degree of 
improvement, than with rods which 
htrve been spiral rolled in the field 
and then tested under production 
conditions. This is no doubt partly 
due to the difficulty in establishing 
properly controlled conditions in 
field testing and also of obtaining 
truly accurate reports. However, I 
am inclined to the belief that a 
major part of the disparity is due 
to the fact that some, at least, of 
the rods which have been spiral 
rolled in the field have not been 
spiral rolled under optimum condi-
tions. 

I therefore feel that it would be 
very desirable for Mr. Wlodek to 
publish a Process Sheet covering 
the recommended methods of spiral 
rolling and establishing tolerances 
wherever necessary. The following 
variables are some of those which 
I feel should be pinned down: 

(1) Pitch of spiral in terms of 
thread per inch; 

(2) Speed of rotation of rod in 

(3) Pressure on rollers in pounds; 
(4) Radius required on top roll-

er. Here I feel a tolerance is es-
sential. Rollers should be manufac-
tured close to the low limit and 
should be re-ground when they ap-
proach the high limit. 

If different steels, or steels with 
different heat treatments, require 
different settings, these could read-
ily be tabulated. If the above in-
formation were accompanied by a 
short general description of the 
process, I feel it would be very 
valuable. 

AUTHOR'S REPLY: Regarding the 
comment by Mr. White, the des-
crepancy of results obtained on 
drill steel tested in our laboratory 
drilling machines as compared to 
results obtained in actual mine drill-
ing could be reduced by selecting 
stress levels and the severity of 
water-corrosion conditions compar-
able to those existing in mining op-
erations. 

A proposed S.R. Process Sheet 
covering the recommended standard 
of S.R. is in preparation and should 
proyide desirable data for the inter-
ested mining industry. 

(Reprinted from The Canadian Mining and Metallurgical Rulletin, February, 1958) 
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