
Nineteen metals, including 12 tool steels, 3 stainless steels, and 4 other steals, were sub- 
jected to cryogenic treatments to determine the difference between a 189 K soak and 
a - 7 7  K soak in improving the abrasive wear resistance. The tool steals exhibited a 
significant increase in wear resistance after the soak at 77 K and a less dramatic increase 
after the 189 K soak. There was an increase in the wear resistance after the cryogenic 
treatment for the stainless steels, but the difference between the two treatments was 
less than 10%. The plain carbon steel and the cast iron showed no improvement after 
either cryogenic treatment. 
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Cryogenic treatment of  metals to improve the wear charac- 
teristics of  the material is a relatively new process. Sig- 
nificant improvement in the wear resistance for lathe tools 1 
and for several tool steels used in the pulp and paper in- 
dustry 2 have been reported in the literature. Some machine 
elements, such as progressive dies used in metal working, 
have exhibited increases in lifetime by as much as a factor 
of  six after cryogenic treatment, s Although some invest- 
igators have used liquid nitrogen as the quenching medium, 
the most effective treatment process utilizes cold gaseous 
nitrogen, because problems with thermal stresses are 
avoided during the slower cool-down in the gas. 4 

The purpose of  the research described in this paper was to 
determine which metals responded best to the cryogenic 
treatment in improving abrasive wear resistance, and to 
determine whether liquid nitrogen temperatures (77 K) or 
dry ice temperatures (189 K) were more effective in in- 
creasing wear resistance. 

T y p e s  o f  w e a r  

There are four main types of  wear: adhesive wear, abrasive 
wear, fatigue wear, and corrosive wear. s, 6, 7 Wear is not a 
simple phenomenon, because many factors influence the 
wear of  a part in service, and various combinations of  the 
four basic mechanisms may be involved in a particular 
situation, s 

Adhesive wear is characterized by the appearance of  torn 
patches and lumps of  transferred material on the surface. 
This wear mechanism results when two surfaces are pressed 
together, and junctions are formed as the areas of  contact 
bond together. When one surface is moved relative to the 
other, the small bit of  material around the weld junction is 
torn out, and wear occurs. 

Abrasive wear (the subject of  the present study) arises from 
the penetration and gouging of  material from one surface by 
another body, as shown in Fig. 1. If  the gouging body is a 
surface asperity on the mating part, the situation is called 
two-body wear. If  the body is a free abrasive grit particle 
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from an external source or an internally generated wear 
particle, the situation is called three-body wear. 

Fatigue wear occurs when the surface material is subjected 
to repeated stress cycling due to continuous sliding, rolling, 
or oscillation. Small cracks formed at the base of  the surface 
asperities grow eventually to form free wear particles. 

Corrosive wear is a modifier of  the first three mechanisms. 
Both chemical and mechanical actions are involved, and the 
process is strongly temperature-dependent. 

In the case o f  three-body abrasive wear, the two wearing 
surfaces rub together with sufficient force to produce a 
crushing action in the grit particles trapped between the 
surfaces. The normal load on the surfaces is generally low; 
however, the actual supporting area is small, which results 
in relatively high stresses in the individual grit particles. 
These high stresses are capable of  causing the small part- 
ides to fracture. The broken abrasive particles are generally 
sharp and can scratch even tool steels. Even though the 
original particles are fairly smooth, this crushing action 
results in cutting, destructive wear particles. 

The governing theoretical equation for the rate of  abrasive 
wear is: 9 
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Fig. 1 Abrasive wear model 
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where F is the applied normal force, N, Vs the sliding 
velocity, mm s -l , H v the Vickers hardness, MPa, 
R w = rr/2 cot 0 the wear resistance, and 0 the statistical 
average cone apex half-angle. 

The wear resistance Rw is a direct measure of the ability 
of the material to withstand abrasive wear. If this quantity 
is large, then the material will generally have outstanding 
wear resistant qualities. 

Table 1. Materials tested 

AISI Alloy 
No type Description 

Tool steels 

S-7 

P-20 

0-1 

Materials tested in this study A-2 

The metals tested in the present study are listed in Table 1. A-6 
Twelve tool steels, three stainless steels, and four other 
steels were subjected to abrasive wear tests. The alloy type 
given in Table 1 is the ASM classification, 1° in which the A-10 
first digit identifies the tool steel group (Carbon tool steels, D-2 
low-alloy tool steels, etc.), and the second and third digits 
identify the tool steel class (hardening technique, compo- H-13 
sition, or application determines the class). The chemical 
composition of the materials is given in Table 2. 

T-1 
Several tool steels are susceptible to the problem of retaining T-2 
residual austenite after quenching to room temperature. For 
example, 0-1 has approximately 8.5% retained austenite M-1 
present when oil quenched to 20°C. M-2 

If M-1 is quenched from 1220°C to 100°C, then tempered 
at 565°C, the retained austenite percentage is 11%. 1° One 
of the mechanisms responsible for the improvement in wear 
resistance by cryogenic treatment is the production of a 
more complete transformation of the austenite to marten- 
site (a more wear-resistant phase) in the metal  

The ferritic and austenitic (430 and 303) stainless steels 
generally cannot be hardened by heat treatment, but may 
be hardened by cold-working. On the other hand, the marten- 
sitic (440) stainless steels can be hardened by heat treatment. 
Because of this characteristic, the effect of cryogenic treat- 
ment should be more pronounced for 440 stainless steel 
than for the other stainless steels. 

C1020 carbon steel is a general-purpose plain carbon steel, 
with a carbon content of 0.20% and very little other alloy- 
ing elements. AQS Meehanite iron is a special processed cast 
iron, in which a fine dispersal of graphite is obtained by the 
addition of a calcium-silicon alloy. Neither of these materials 
would be expected to respond to cryogenic treatment, be- 
cause sub-zero temperatures would cause no further metal- 
lurgical changes. 

Experimental details 

The samples used in the abrasive wear tests were cylindrical, 
with a diameter of 12.7 mm and a length of 64 mm. Three 
sets of samples were used for each material tested: one, a 
sample which was not given any cryogenic treatment after 
the usual heat treatment, two a sample which was subjected 
to the same heat treatment as the control sample, then 
cooled slowly (3°C min -1 ) from room temperature to 
189 K and three, a sample.which was cooled slowly (3°C 
min -1 ) from room temperature to 77 K after the same 
heat reatment given to the control sample. The cryo- 
genically treated samples were soaked at the low temp- 
erature for 24 h before being warmed to room temperature 
in ambient air. 

The wear test apparatus is shown schematically in Fig. 2. 
The sample was placed in a fixture attached to the loading 
arm, and the end of the sample was pressed against a coarse- 
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grit alumina grinding wheel. The normal force on the sample 
was 430 N, and the surface speed of the grinding wheel 
was 480 mm s -1 . A stream of air was directed on the end 
of the sample for cooling and to remove loose wear particles 
from the grinding wheel. The grinding wheel was dressed 
with a diamond-tip tool after each run. 

Most of the samples were abraded for 15 min intervals. 
Between each wear period, the sample was removed from 
the wear test apparatus and weighed on an analytical 
balance to determine the mass removed by wear. The 
total run time for the majority of the samples was 75 min. 

A typical plot of the volume of material removed Vr vs time 
of the run t is shown in Fig. 3. The form of the curve is: 

V,  = C t  n (2) 

A least-squares curve-fitting programme was used to deter- 
mine the wear equation for each sample, and the wear rate 
was calculated from: 

W - dVr - n e t  n - l  = We ( t / t o )  n ' l  (3) 
dt 

where We is the wear rate evaluated at the time to. The wear 
resistance was calculated from: 

Rw - FVs (4) 
W o H v  
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Table 2. Nominal chemical composition of the materials 
tested 

Nominal composition, % 
AISI C Mn Si Cr Ni V Mo W 

S-7 0.55 0.90 2.00 0.25 ... 0.25 1.20 ... 

P-20 0.35 0.75 0.45 1.70 . . . . . .  0.40 ... 

0-1 0.95 1.20 0.25 0.50 ... 0.20 ... 0.50 

A-2 1.00 0.60 0.25 5.00 ... 0.25 1.00 ... 

A-6 0.70 2.00 0.25 1.00 . . . . . .  1.25 ... 

A-10 1.35 1.80 1.25 ... 1.80 ... 1.50 ... 

D-2 1.50 0.30 0.25 12.00 ... 0.60 0.80 ... 

H-13 0.35 0.30 1.00 5.00 ... 1.00 1.50 ... 

T-1 0.75 0.30 0.30 4.00 ... 1.00 0.7018.00 

T-2 0.80 0.30 0.30 4.00 ... 2.00 0.60 18.00 

M-1 0.85 0.30 0.30 4.00 ... 1.00 8.50 1.50 

M-2 0.85 0.30 0.30 4.00 ... 2.00 5.00 6.00 

303SS 0.08 2.00 1.00 18.00 8.00 . . . . . . . . .  

430SS 0.12 1.00 1.00 16.00 0.50 . . . . . . . . .  

440SS 0.70 1.00 1.00 17.00 0.50 ... 0.75 ... 

8620 0.20 0.80 0.30 0.50 0.55 ... 0.20 ... 

C1020 0.20 0.45 . . . . . . . . . . . . . . . . . .  

The force used in (4) was expressed in N; therefore, the 
Vickers hardness H v was converted from the conventional 
units (kgf mm -2) to MPa through the conversion factor, 
9.806 MPa mm ~ kgf -1 . 

Results 

The results of the abrasive wear tests are presented in 
Table 3. The first sample in each set (labelled -1) was the 
control sample, which was not subjected to cryogenic treat- 
ment. The second sample (labelled -2) was soaked at 
189 K for 24 h, and the third sample (labelled -3) was 
soaked at 77 K for 24 h. 

The influence of the particular cryogenic treatment may 
be observed by calculating the ratio of the wear resistance 
with cryogenic treatment Rw to the wear resistance of the 
control sample ROw. For example, the wear resistance of 
D-2 tool steel was increased by a factor of 8.177 by the 
77 K soak; whereas, the 189 K soak resulted in an in- 
crease of the wear resistance of D-2 by a factor of 3.164, 
as given in Table 4. 

The response of the materials to the cryogenic treatment 
may be classified in five categories: Group I, for which 
both cryogenic treatments result in significant (more than 
10%) increase in the wear resistance, and the 77 K soak 
produces a greater improvement than the 189 K soak; 
Group II, for which both cryogenic treatments result in 
improvement in the wear resistance, but the difference 
between the 77 K soak and the 189 K soak was less than 
10%; Group III, for which the 77 K soak resulted in an 
improvement of the wear resistance, but the 789 K soak 
not; Group IV, for which the 189 K soak resulted in an 
improvement in the wear resistance, but the 77 K soak did 
not (only one material, P-20, fell in this category); and 
Group V, for which neither low-temperature soak resulted 
in an improvement in the wear resistance. 
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Fig. 2 Abrasive wear test apparatus 

All of the materials in Group I are those which are sus- 
ceptible to retention of austenite during heat treatment. 
In particular, the high-speed tool steels (M-1 and T- l )  
exhibit the phenomenon of stabilization of the austenite 
if the quench is interrupted at room temperature before 
the cryogenic treatment. 11 The room-temperature aging 
effect is reduced when the part is soaked at 77 K, as 
compared with a 200 K soak. These factors suggest that, 
for the Group I materials, the low-temperature treatment 
used in this study improved the wear resistance through 
a more complete transformation of the austenite (a softer 
phase) to martensite. 

For the stainless steels (Group II), the cryogenic treat- 
ment improved the wear resistance by 5% to 28%, which 
was much less dramatic than the improvement in the tool 
steels (Group I). In the case of  the stainless steel samples, 
the difference between the 189 K soak and the 77 K soak 
was less than 10%. 

The structure of the carbon steel was practically all marten- 
site after hardening, and there were no alloying elements 
present to form carbides (other than iron carbide); there- 
fore, it would be anticipated that the cryogenic treatment 
would have no effect on the wear resistance of C1020 
steel or on the Meehanite graphite cast iron. t2 This result 
is noted from the data in Table 4, in which the difference 
between the wear resistance for the treated and untreated 
samples was 3% or less. 

Conc lus ion  

The results of this study indicate that the metals, such as 
tool steels, which can exhibit retained austenite at room 
temperature can have the wear resistance significantly in- 
creased by subjecting the metal to a long soak (longer than 
20 h) at temperatures of the order of 77 K. This lower 
temperature treatment was preferable to a soak at 189 K. 
For the stainless steels, however, the 189 K soak was 
satisfactory in improving the wear resistance by as much 
as 25%, although the lower temperature soak would im- 
prove the wear resistance by approximately the same 
factor. The wear resistance of plain carbon steels and cast 
iron was not significantly affected by the low-temperature 
treatment. The hardness of the materials was not influenced 
by the cryogenic treatment for any of the samples. 
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Table 3, Wear test results 

Alloy Density 
Al loy class kg m -3 

Vickers Wear rate Time Wear 
Cryogenic hardness Exponent W o t o resistance 
treatment kgf mm -2 MPa n mm 3 s -1 min R w 

S-7 315 7595 

P-20 380 7850 

0-1 410 7805 

A-2 420 7760 

A-6 426 7790 

A-10 395 7680 

D-2 430 7535 

H-13 521 7680 

T-1 610 8710 

T-2 611 8830 

M-1 630 7910 

M-2 650 8110 

-1  653 6404 1.860 6.277 60 5.12 
- 2  632 6201 1.368 2.682 60 12.38 
- 3  643 6301 1.380 2.441 60 13.38 

-1  347 3399 1.278 6.876 6 6.25 
- 2  339 3320 1.201 5.719 6 7.70 
- 3  343 3359 1.304 7.160 6 6.08 

-1  801 7857 0.467 0.0509 60 514 
- 2  801 7857 0.464 0.0230 60 1140 
- 3  801 7857 0.268 0.0187 60 1399 

-1 697 6840 0.869 0.6171 60 48.8 
- 2  709 6956 1.011 0.6176 60 47.9 
- 3  697 6840 0.907 0.5530 60 54.4 

-1  747 7322 0.256 0.0130 60 2165 
- 2  760 7450 0.424 0.0240 60 1151 
- 3  801 7857 0.276 0.0125 60 2094 

-1  653 6403 0.211 0.0311 60 1035 
- 2  653 6403 0.135 0.0135 60 2386 
- 3  653 6403 0.524 0.0117 60 2738 

-1  697 6840 0.969 0.1511 60 199 
- 2  709 6956 1.133 0.0470 60 630 
- 3  697 6840 0.641 0.0185 60 1628 

-1  512 5019 1.029 1.357 60 30.2 
- 2  505 4947 0.938 0.837 60 49.7 
- 3  512 5109 0.852 0.648 60 63.3 

-1  801 7857 0.417 0.01624 60 1613 
- 2  773 7582 0.543 0.01187 60 2287 
- 3  787 7717 0.754 0.00938 60 2843 

-1 773 7582 0.522 0.00472 60 5751 
- 2  721 7074 0.407 0.00545 60 5338 
- 3  760 7450 0.692 0.00667 60 4142 

-1  801 7857 0.487 0.03375 60 776 
- 2  831 8146 0.433 0.02237 60 1129 
- 3  831 8146 0.528 0.01445 60 1748 

-1  801 7857 0.547 0.00672 60 3900 
- 2  801 7857 0.606 0.00597 60 4388 
- 3  816 7999 0.666 0.00548 60 4698 

303 SS Austenitic 7845 

430 SS Ferritic 7600 

440 SS Martensitic 7610 

-1 155 1519 1.350 6.727 3 14.30 
- 2  150 1467 1.384 6.615 3 15.06 
- 3  151 1484 1.369 6.216 3 15.84 

-1  261 2555 1.259 5.136 3 11.14 
- 2  238 2335 1.248 4.838 3 12.94 
- 3  240 2358 1.276 4.642 3 13.35 

-1  632 6201 0.742 0.0229 60 1447 
- 2  632 6201 0,777 0.0179 60 1853 
- 3  632 6201 0.783 0.0188 60 1763 

CPM-10V 7360 

AQS Pearlitic 7050 
Meehanite Cast Iron 

8620 Ni-Cr-Mo 7790 
Steel 

C1020 Low-carbon7790 
Steel 

--1 831 8146 0.327 0.00435 60 5813 
--2 831 8146 0.406 0.00463 60 5458 
--3 831 8146 0.431 0.00331 60 7635 

--1 697 6840 0.149 0.01093 60 2753 
--2 721 7074 0.153 0.01094 60 2659 
--3 721 7074 0.182 0.01096 60 2654 

--1 760 7460 1.310 3.155 30 8.76 
--2 773 7582 1.608 2.991 30 9.77 
--3 773 7582 1.741 2.778 30 9.08 

--1 787 7717 1.452 5.323 30 5.01 
--2 747 7322 1.478 5.711 30 4.92 
--3 787 7717 1.463 5.477 30 4.87 

Notes: 1 - Control sample, conventional heat treatment, no cryogenic treatment; 2 -- Conventional heat treatment, soak at 189 K for 24h; 
3 - Conventional heat treatment, soak at 77 K for 24 h 



Table 4. Wear resistance ratio for the two cryogenic 
treatments 

Wear resistance ratio, Rw/R ° 
Material 189 K soak 77 K soak 

Group I 

D-2 3.164 8.177 

S-7 2.417 5.031 

O-1 2.216 2.721 

A-10 2.305 2.645 

M-1 1.455 2.253 

H-13 1.646 2.094 

T-1 1.418 1.763 

Group II 

440 SS 1.280 1.218 

M-2 1.125 1.204 

430 SS 1.162 1.199 

8620 1.037 1.116 

303 SS 1.053 1.108 

Group III 

CPM-10 V 0.939 1.313 

A-2 0.982 1.116 

Group IV 

P-20 1.231 0.972 

Group V 

C1020 0.982 0.972 

AQS 0.966 0.964 

Note: The behaviour of the T-2 and A-6 alloys was anomalous 
and are not included in the table, because of the difference in 
hardness of the samples 
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